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It is commonly held that central nervous system (CNS) neurons are 
unable to regenerate after injury. Recently, there were lines of experiments which 
showed that damaged CNS neurons can undergo axonal regeneration under 
appropriate conditions. Since the retina is regarded as a part of the CNS, 
therefore the retina is used as a model to study CNS regeneration. Many 
researchers attempted to simplify the analysis of the complex organisation of the 
retina by establishing different tissue culture models, e.g. monolayer culture, 
small retinal explant culture and organotypic slice culture. The major drawbacks 
of their culture models are that they are either too destructive or analysis of the 
detailed morphology of the retinal ganglion cells (RGCs) cannot be made. 
Jn our experiments, we successfully established a model of long term 
culture of the whole mount retina of adult hamster to study RGC survival and 
regeneration in vitro. The cultured retinal explants were nourished by 
DMEM+F12 plus 10% fetal bovine serum and maintained for up to 56 days in 
culture. We found that the survival of prelabeled (4-Di-lO-ASP) RGCs in 
cultured retinal explants was enhanced compared to the in vivo situation, and 
these results were correlated with the poor survival and decrease in phagocytic 
activity of microglia in cultured retinal explants. The expression of different 
neurofilament subunits (i.e. NF-H, NF-M and NF-L) in cultured RGCs was 
different from that in vivo. After axotomy, the number of RGCs expressing 
different neurofilament subunits in the whole-mount retina in vivo decreased 
with time. However, the temporal pattern of expression of neurofilament 
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subunits in RGCs in retinal explants was very different, ln addition, the survival 
of glial cells (i.e. astrocytes and MUller cells) was poor. 
We took advantage of the intravitreal peripheral nerve (PN) 
transplantation model developed by Cho and So (1992) to induce RGC 
regeneration. Then we dissected the retina and prepared for whole-mount retinal 
culture. We discovered that the total number of NF-H positive RGCs increased 
in culture and sprouting of axon-like processes in vitro was maintained without 
the retraction observed in vivo. 
Moreover, we also established a co-culture system to study the effect of 
nerve explants (i.e. ON or PN). Both ON and PN cannot induce RGC 
regeneration in cultured retinal explants from normal hamster after 7 days of 
tissue. Li order to study the effect of conditioning lesion on RGC regeneration, 
Pre-axotomized retina (by ON crush) were co-cultured with either ON or PN 
explants in a 35mm culture dish. We found that the cells migrating from both 
nerve explants and retinal explants caused the retinal explants to be attached to 
the substrate. Under such conditions, neurites were observed to arise from the 
retinal explants to grow on the migrating cells. However, there was still no 
sprouting of axon-like processes within the retina. In another culture system 
using an organ culture chamber, the PN explants and the migrating cells were 
physically separated from the retinal explants, so as to minimize the problem of 
attachment of the retina to the substrate. The results revealed that pre-axotomy of 
RGCs cannot induce RGC regeneration within the explants after 13DrV but the 
number of NF-H positive RGCs increased with time in culture. It is apparent that 
the PN explants had a potent effect on upregulating NF-H expression in RGCs in 
retinal explants. 
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Further studies using this culture model to analyse changes in cell-type 
specific molecules of different RGC populations as well as manipulating the 
culture environment could shed more light on the responses of CNS neurons to 
injury and the conditions for enhancing regeneration. 
iv 
Abbreviations Frequently Used 
CNS Central Nervous System 
DFV Days in vitro 
dpa Days post axotomy 
NF Neurofilament 
NF-H Neurofilament high molecular weight subunit 
NF-M Neurofilament middle molecular weight subunit 
NF-L Neurofilament low molecular weight subunit 
ON Optic Nerve 
PNS Peripheral Nervous System 
PN Peripheral Nerve 
RGCs Retinal Ganglion Cells 






Regenerative ability between the central nervous system and the 
peripheral nervous system 
The nervous system can be divided into two parts: the central nervous 
system (CNS) which consists of the brain and spinal cord, and the peripheral 
nervous system (PNS), which consists of the cranial and spinal nerves and their 
ganglia. The peripheral nerves (PN) connect the CNS with the sense organs and 
the effector organs. Liside the nervous system, there are about 100 billion nerve 
cells or neurons which are specialised to receive, conduct and transmit nervous 
impulses. 
h\ the mammalian central nervous system, there is no regenerative 
response to injury by mitotic division of surviving neurons. The proliferation of 
neurons occurs mainly during fetal development and ceases once differentiation is 
attained (Clemente 1964). However axonal regeneration is possible if the 
perikaryon of the severed axon survives. This has to be followed by axonal 
regrowth, the advance of the axons in the correct direction, synaptic reconnection 
and finally functional restoration. 
However, in the adult mammalian peripheral nervous system (PNS), 
damage to axons usually leads to replacement of the axons. After injury, the 
myelin sheaths degenerate completely. The debris of their connective tissue and 
perineural sheaths are removed by macrophages and Schwann cells (Richardson 
et al. 1982). Concurrently, the Schwann cells proliferate (Ohnishi and Dyck 1981; 
Salonen et al. 1988) within the remaining connective tissue sheath, giving rise to 
columns of Schwann cells surrounded by basal lamina. Regenerating axons from 
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the proximal segment grow in the direction of the Schwann cell columns, which 
are subsequently considered to serve as guides to the sprouting axons. The 
mitosis of Schwann cells accompanying regeneration may also be a prerequisite 
for myelination of the regenerating axon. (Hall and Gregson 1978; Ohnishi and 
Dyck 1981;Pellegrino and Spencer 1985). 
Current opinion on central nervous system regeneration 
The inability of CNS neurons to regenerate may be due to the fact that 
either the neurons themselves fail to regenerate or the micro-environment 
surrounding the neurons is not permissive for regeneration. In 1940s, Le Gros 
Clark concluded that central nervous system neurons have minimal capacity for 
axonal regeneration by observing that axons of the CNS failed to grow into the 
PN grafts. However, Ramon y Cajal found that large terminals were observed in 
the proximal stumps of severed axons and axonal sprouts in the distal stump. 
However these axonal sprouts degenerated about 1 month after an initial vigorous 
outgrowth (Cajal, 1913). These experiments led to the thesis that central nerve 
fibres are able to regenerate initially, but that the newly formed processes are not 
able to continue growing for a long time. It suggests that the environmental 
factors of a neuron are indispensable for axonal regeneration. 
Favourable microenvironment of PNS 
In the PNS, the arrangement of Schwann cells and their basement 
membranes as a parallel array of long cords (in the degenerated distal segment) is 
considered to be the basic guiding and orientating structure for the regeneration of 
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nerves (Guth 1956). Ramon y Cajal also regarded the absence in the CNS of a 
guiding system based on Schwann cells as partly responsible for the regenerative 
differences between the CNS and the PNS (cited by Arteta, 1956; Kiernan 1979). 
Recent studies show that the use of PN grafts in the CNS support CNS axonal 
growth. By placing a piece of PN graft in contact with the injured CNS axon, the 
graft provides a favourable substrate for elongation of CNS axons and can serve 
as a "bridge" to allow these axons to extend from one region of the CNS to 
another (Aguago, 1985). 
Peripheral nerve is composed of Schwann cells and fibroblasts and 
Schwann cells in the PN enhance the production of neurotrophic factors and a 
number of growth-promoting cell adhesion and extracellular matrix molecules in 
response to denervation. (Daniloff et al. 1986; Heumann et a/.1988; Martini and 
Schachner 1988; Martini etal. 1989). 
Unfavorable microenvironment of CNS 
On the other hand, the central nervous system myelin has potent inhibitory 
effects on axonal regeneration. Experiments have shown that myelin forming 
oligodendrocytes and isolated CNS myelin exert a nonpermissive substrate effect 
on outgrowing neurites of sympathetic and sensory neurons as well as for the 
attachment of retinal cells (Schwab and Caroni 1988). Recent biochemical studies 
have shown that the inhibitory activity is due to specific myelin and 
oligodendrocyte membrane proteins (Caroni and Schwab 1988a, b) in which the 
35 kd and 250 kd fractions have highly nonpermissive substrate properties. 
Monoclonal antibodies were raised against these fractions: JN-l and IN-2 both 
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bound to these two fractions respectively. Experiments revealed that sensory and 
sympathetic neurons extended neurites on optic nerve (ON) explants previously 
injected with I N ] or IN-2 (Caroni and Schwab 1988). 
Reactive gliosis is a powerful response to brain injury and subsequent 
neuronal damage in vivo. Injury to the brain transforms resting astrocytes to their 
reactive form, the hallmark of which is an increase in glial fibrillary acidic protein 
(GFAP) (Landsay 1986) the major intermediate filament protein. 
Study of CNS regeneration using retina as a model 
Organisation of the neural retina and visual pathway 
The retina is regarded as a part of the central nervous system. The neural 
retina consists of three main groups of neurons: (1) the photoreceptors (2) the 
bipolar cells and (3) the retinal ganglion cells (RGCs). Li addition, there are two 
other types of neurons (i.e. the horizontal cells and the amacrine cells) which 
modulate retinal activity. The photoreceptors are sensory receptors and convert 
light energy into electrical signals passing the signals to the first-order neurons 
(i.e. the bipolar cells). The RGCs in the retina form the second-order neurons. 
They collect information from bipolar cells and amacrine cells. The axons of the 
ganglion cells become myelinated after they have passed through the lamina 
cribrosa and entered the substance of the ON. The myelin sheaths of these axons 
are formed from the oligodendrocytes. The ON and the optic tracts conduct their 
impulses to the lateral geniculate body. The nerve cells of the lateral geniculate 
body form the third-order neurons, and their axons terminate in the visual cortex. 
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Traditionally, based on the light microscopic findings, the whole retina is 
divided into ten layers. These are, from outside inward, as follows: 
1. The pigment epithelium 
2. The photoreceptors 
3. The external limiting membrane 
4. The outer nuclear layer 
5. The outer plexiform layer 
6. The inner nuclear layer 
7. The inner plexiform layer 
8. The ganglion cell layer 
9. The nerve fiber layer 
10. The inner limiting membrane 
The perikarya of the photoreceptors are located in the outer nuclear layer, 
whereas the perikarya of four basic classes of retinal neurons are in the inner 
nuclear layer. Horizontal cells lie along the outer margin of the inner nuclear 
layer; the bipolar cell perikarya are predominantly located in the middle of the 
layer; and the amacrine cell and the interplexiform cell perikarya are arranged 
along the proximal border of the inner nuclear layer. The perikarya of the 
ganglion cells make up the most proximal layer, the ganglion cell layer. One of 
the major glial cells in the vertebrate retina is called the MUller cell. These cells 
runs through the retina, from the distal margin of the outer nuclear layer to the 
inner margin of the retina. The distal border of MUller cells is marked by the 
outer limiting membrane. The proximal border of the cells is marked by the inner 
limiting membrane . The nuclei of MUller cells are usually in the middle of the 
inner nuclear layer. Other types of glial cells have also been observed in the inner 
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part of the retina; these include astrocytes (Ogden 1978) and microglia (Boycott 
and Hopkins 1981). 
Retina is an ideal organ to study CNS regeneration 
The axons of the RGCs form the ON which is a defined fiber tract sending 
the information from the retina to the brain. The ON is easily manipulated and 
assessed by either crushing, cutting or transplantation of PN to the ON without 
damaging the blood supply of the eye (i.e. the central retinal artery). Having a 
thin and a well organised structure, the neural retina can be studied very easily in 
the whole-mount preparation. In addition, whole-mount preparations enabled 
researchers to study the detailed morphology of the cells in the retina. The 
anterior eye provides a large space for manipulation of the micro-environment of 
the retina, therefore it is easy to study different phenomena in CNS regeneration. 
In view of this, the retina is an ideal model to study CNS regeneration. 
Responses of RGCs to ON transection 
RGCs, as well as other CNS neurons, may die as a result of axonal injury 
(Grafstein and Ingolia 1982; Allcutt et al. 1984a,b; Villegas- Perez et al. 1993). 
The rate of RGC death may be affected by several factors: (1) Time course of 
axotomy (2) The site of lesion (3) Type of lesion. 
To begin with, Berkcelaar et al. (1994) labeled the RGCs retrogradely 
with 2% fIuorogold at the superior colliculus followed by ON crush. They 
revealed that nearly all the RGCs survive for 5 days and then die abruptly in large 
numbers, reducing the RGC population to approximately 50% of normal by day 7 
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and to less than 10% on day 14.(Berkcelaar et al. 1994). Moreover, the RGC 
densities decline steadily between 2 weeks and 12 months after the intracranial 
ON crush but more rapidly after intraorbital transection of the ON from the eye 
(Villegas-Perez et aL 1993). This suggests that additional mechanisms are 
involved in cell death during ON transection. 
As most of the RGCs die over time after axotomy (Allcutt et aL 1984; 
Grafstein and Ingoglia 1982; Thanos 1988), there are several proposed causes of 
death for the mature central neurons. These include phagocytosis of axotomized 
viable ganglion cells by microglial cells (Thanos et aL 1993). Another possibility 
is that the neurons are deprived of the trophic factors which are normally supplied 
by their target. 
There are two distinct general pathways through which cells die: necrosis 
and programmed cell death (apoptosis). Necrosis is a passive process in which 
collapse of internal homeostasis leads to cellular dissolution (Wyllie et aL 1980). 
In contrast, programmed cell death requires gene activation and de novo protein 
expression and leads cells to internal degradation while the integrity of the plasma 
membrane is preserved until late stages (Darzyn-Kiewiez et aL 1992). Many 
studies have shown that RGCs exhibit apoptosis after axotomy (Garcia-
Valenzuela et aL 1994; Berkelaar 1994; Quigley et aL 1995; Villegas-Perez 
1993). 
In normal retina, RGCs labeled by retrograde dye can be classified into 3 
types: type I, H and m (Perry 1979; Thanos 1988). One week after ON transection 
and labeling RGCs with DiI at ON, the proportion of large RGC perikarya had 
increased. In addition, different types of ganglion cells seem to have different 
sensitivity to axotomy as revealed by rapid degeneration of certain cell dendrites. 
8 
Cells with small perikarya and small dendritic fields (type H) were affected most, 
whereas larger cells with larger dendritic fields (type I and EDQ were slower to 
respond and less affected. (Thanos 1988). 
RGCs of cat retina were studied by neurofibrillar methods (Silveira et al 
1994). They found that beta ganglion cells degenerate very rapidly after axotomy 
with the nuclei becoming pyknotic within a few days. Few beta cells showed 
increased neurofibrillar staining of the dendrites and the cell body degenerated 
prior to any visible degenerative changes in the axon. A proportion of the alpha 
and gamma ganglion cells degenerated in the first two to three weeks after 
axotomy. The alpha cells underwent markedly enhanced neurofibrillar staining of 
their dendrites prior to degeneration. 
Response of microglia after ON transection 
The origin of microglia in the central nervous system is a matter of 
controversy. Ling et al. (1980) supported the origin of microglia from monocytes. 
By injecting monocytes prelabeled with carbon particles into the bloodstream of 
early postnatal rats, the carbon can be localised in the corpus callosum. h\ 
addition, Perry et al. (1985) showed that the resting microglia expressed Fc and 
complement receptors as well as a macrophage-specific membrane glycoprotein 
using immunocytochemistry. Actually CNS microglia are defense cells which are 
responsible for certain immune functions autonomously. Resting microglia are 
scattered throughout the CNS forming a network of potential effector cells which 
can be activated by stimuli ranging from PN injury to direct mechanical trauma. 
"Activated microglia" is the term used to describe proliferating cells that 
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demonstrate changes in their immunophenotype but have not undergone 
transformation into brain macrophages. Such transformation can be elicited by 
neuronal death but not sublethal neuronal injury (Streit et al. 1988 review) 
Schnitzer and Scherer (1990) reported that after ON transection, the cell 
density and the intensity of microglia began to increase in the inner plexiform 
layer of rabbit retina using nucleoside diphosphatase (NDPase) enzyme 
histochemical staining. In the nerve fiber layer the number and staining intensity 
of NDPase-labeled microglial cell processes transiently increased and returned to 
normal values by 5 months post-transection. Microglia were also found in the 
outer plexiform layer after transection (they were usually absent in normal retina). 
In order to confirm the relationship between dying neurons and microglia in the 
retina, Thanos (1991) showed that microglial cells removed neuronal cell debris 
in the postnatal rat retina and can be activated later in life. They responded by 
proteolytic degradation of the neurons and their subsequent phagocytosis as a 
result of axotomy. 
Response of macroglia after ON transection 
Macroglia in the retina consists of astrocytes and MUller cells. Hollander 
et al. (1991) studied the relationship between the astroctyes and MUller cells in 
cat retina. They revealed that both astrocytes and MUller cells contribute to the 
formation of the inner glia limitans of the retina, the glia limitans of vessels and 
the glial sheath of neurons. These two types of cells share several common 
features. For example they both wrap around bundles of ganglion cell axons and 
somata of neurons in the ganglion cell layer. On the other hand, they have their 
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unique functions. The glial sheaths around the somata of ganglion cells are 
formed predominantly by Muller cells and the glial processes attached to the 
node-like specialisations of their axons are formed mainly by astrocytes. Li 
addition, the distribution of retinal astrocytes appears to be strongly determined 
by the vasculature of the retina in possum and rodents (Stone and Dreher 1987). 
After ON transection, transient immunoreactivity for glial fibrillary acidic protein 
(GFAP) was observed in Muller cells that normally lack this protein. On the 
contrary, GFAP astrocytes located in the nerve fiber layer showed no change in 
immunoreactivity at any stage after ON transection (Scherer and Schnitzer 1991; 
Huxlin et al. 1995). On the other hand, astrocytes react to ON crush at the site of 
injury. Blaugrund et al. (1993) suggested that the difference of the regenerative 
capability of RGCs between fish and rats was due to the failure of migration of 
the glia and glial precursor cells to the injured area in the rat. 
Regeneration of RGCs after ON transection 
After ON transection, nearly all RGCs eventually die unless the 
microenvironment is changed to become more favourable for RGC survival and 
regeneration. 
Effect of neurotrophic factors on RGCs in vivo 
RGCs are disconnected from their axon target after axotomy. Therefore 
they cannot gain access to neurotrophic factors from their target. In view of this, 
many researchers found that neurotrophic factors can rescue the lesioned RGCs. 
3yig/injection of nerve growth factor (NGF, 2.5S subunit) every 2.3 day from the 
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day of axotomy successfully rescued RGCs when injected intraocularly 
(Carmignoto et al. 1989). In addition, intraocular injection of CNTF, BDNF and 
sciatic nerve-derived medium retards the process of the lesion-induced RGC 
degeneration. This may result in a larger population of RGCs which can be 
recruited to regenerate their axons and provide a basis for functional recovery 
(Mey and Thanos 1993). In addition, Mansour-Robaey et al. (1994) demonstrated 
that intravitreal injection of BDNF enhanced RGC survival and increased the 
density of axons in the vicinity of the ON head. In 1996, Sawai et al. (1996) 
studied the effects of BDNF, NT-3 and NT-4/5 on axonal branching from 
regenerating RGCs. They revealed that only BDNF and NT-4/5 can dramatically 
enhance growth of the axonal branches from axotomized RGCs in the mature rat 
eye. 
Effects of neurotrophic factors on RGCs in vitro 
Giestal de Araujo and Linden (1993) demonstrated that conditioned 
medium containing trophic factors either from aggregates or from explants (about 
1 mm^) of retinal cells from neonatal rats enhanced the survival of DiI labeled 
ganglion cells in vitro. The trophic activity was dose-dependent, was maintained 
after dialysis against a 12 kDa membrane but was abolished by heat at 56°C for 
30 minutes. In addition, Cohen et al. (1994) studied the effect of trophic factors 
on adult rat RGCs survival and neurite outgrow from retinal explants. They found 
that both NT-4/5 and brain-derived neurotrophic factor (BDNF) had similar 
positive effect on RGCs. NT-4/5 caused dose-dependent increases in neurite 
outgrowth with one-half maximal effects at 0.5ng/ml and maximal effects at 5 
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ng/ml. Combination of saturating concentrations of NT-4/5 and BDNF did not 
produce any additive effect. On the contrary, other trophic factors e.g. nerve 
growth factor (NGF), neurotrophin-3 (NT-3) or ciliary neurotrophic factor 
(CNTF) did not exert effect on RGC survival or neurite outgrowth. 
Effect of intravitreal PN grafting on RGC regeneration 
It is long believed that the PN provides a favourable environment for CNS 
regeneration. Experiments in adult rodents have recently demonstrated extensive 
elongation of central nervous system axons along segments of PN (PN) 
transplanted into several different regions of the mammalian CNS (Aguayo et aL 
1983; David and Aguayo 1981; Richardson et aL 1984). RGCs regenerate 
extensively into PN graft when a 2-4 cm long segment of autologous sciatic nerve 
was transplanted into the eye (So and Aguayo 1985). It was also demonstrated 
that the axotomized RGCs respond to a PN segment grafted intravitreally to the 
retina by emitting axon-like processes from the somatodendritic compartment 
(Cho and So 1992). These experiments suggested that diffusible factors secreted 
by cells in the graft are one of the possible stimuli for sprouting in axotomized 
RGCs. Moreover, lesioned RGCs can regenerate long distances into the PN graft 
when it is grafted to the ON (Berry et aL 1988; Vidal-Sanz et al. 1987). In 
functional aspects, Sauve et aL (1995) demonstrated that RGCs from adult 
hamsters regrew their axons through autologous PN grafts directed from the 
stump of the transected ON to the superior colliculus (Sc) and uneven responses 
to illumination of small areas of the visual field were recorded within the 
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superficial laminae of the reinnervated Superior Colliculus (Sc). 
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Aims of project 
It is well-known that unlike peripheral nervous system, CNS neurons are 
unable to regenerate after injury. This may be due to the inhibitory proteins of 
central nervous system myelin from oligodendrocytes that stop the injured CNS 
neurons from regeneration. In addition, the injured neurons are disconnected from 
their targets which supply indispensable neurotrophic factors to the neurons. The 
injured neurons will ultimately die. Numerous researchers have devasted many in 
vivo and in vitro models to isolate different factors that governing CNS 
regeneration. The retina seems to be an ideal organ to study CNS regeneration 
because of its well organised structure. However, the complexity of the eye makes 
it difficult to manipulate the microenvironment of the RGCs. t i the in vitro 
model, researchers usually study the neurite outgrowth from small explants 
(Cohen et al. 1994; Bahr et aL 1988; Johnson et al. 1988; Horie et al. 1994; 
Hopins and Bunge 1991). This approach makes it difficult to analyse the detailed 
morphology of the regenerating retinal ganglion cell. In this connection, we 
would like to achieve the following aims: 
1. To establish a long term culture of the whole mount retinal explant model and 
study the cellular components in the explants e.g. RGCs, amacrine cells and 
glial cells. 
2. To study the regenerating RGCs in retinal explants after removing the 
stimulus for regeneration. 




Long term culture of whole-mount retinal explant 
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Introduction 
The retina is regarded as a part of the CNS and its response to injury is 
similar to CNS neurons. In addition, the axons of the retinal ganglion cells 
(RGCs) form the optic nerve (ON) which is a defined fiber tract sending the 
information from the retina to the brain. The ON is easily assessed and damaged 
by either crushing or cutting without damaging the blood supply of the eye (i.e. 
the central retinal artery). Having a thin and an well organised structure, the 
neural retina can be studied very easily in the whole-mount preparation, enabling 
researchers to study the detailed morphology of the cells in the retina. In addition, 
the vitreous body provides a large space for manipulation of the micro-
environment of the retina. In view of this, the retina is an ideal model to study 
CNS regeneration. On the contrary, the regeneration process involved 
complicated interaction of cellular components. Therefore, many scientists 
attempted to simplify the system and established different tissue culture systems 
to study RGC regeneration, e.g. monolayer culture (Wigley and Berry 1988; 
Gieatal de Araujo and Linden 1993), retinal explant culture (Johnson et al. 1988; 
Bates and Meyer 1993; Cohen et al. 1994; Bahr et al. 1995) and organotypic 
slice culture (Feigenspan et al. 1993). 
Gieatal de Araujo and Linden (1993) established RGC monolayer culture 
from neonatal pups to study the effect of conditioned media either from 
aggregates or from explants of retinal cells from neonatal rats. They showed both 
conditioned media increased the survival of RGCs in monolayer culture. In 
another study by Wigley and Berry (1988), regeneration was studied using 
dissociated adult rat RGCs on monolayer culture. They showed that adult RGCs 
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regrew processes over a monolayer of astrocytes from neonatal cerebral cortex. 
These two studies successfully established monolayer RGC culture from both 
neonatal and adult mammalian retina but the dissociation process in tissue culture 
was very destructive. The processes of RGCs were all destroyed. This means that 
connections from other cells (e.g. amacrine cells) were lost (i.e. the layer 
organisation of the retina was lost). As a result, some researchers developed 
retinal explant culture in which the layer organisation of the retina is maintained. 
Using retinal explants (about 0.16 mm^) to study RGC regeneration, 
Cohen et al (1994) showed that neurotrophin-4/5 increased adult RGC survival 
and neurite outgrowth. They studied RGC survival by prelabeling the cells with 
fluorogold and the neurites were visualised by neurofilament antibody (RT-97). 
Bates and Meyer (1993) also used small retinal explants (400^im^ to study 
neurofilament expression in regenerating adult RGCs. Some scientists studied the 
effect of substrate on RGC regeneration using retinal explants. Bahr et al (1995) 
showed that adult RGCs in larger retinal explants (about 1/8 retina) did not grow 
neurites on astrocytes from ON. In the above-mentioned studies, the neurites 
grew from the retinal explants onto an artificial substrate which may not represent 
the in vivo situation in the retina. In addition, Horie et al (1994) showed that 
regional differences in neurite regeneration of postnatal mouse retinal explants 
were present. They showed that the retinal explants from the central region in the 
retina could not regenerate neurites after postnatal day 9 but those from 
peripheral regions still regenerate until postnatal day 12, Feigenspan et al (1993) 
established an organotypic slice culture model to study the development of the 
mammalian retina. They used vertical slices of postnatal day 6 rat retina which 
were cut into lOO i^m thickness and cultured by a roller-tube technique for more 
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than 4 weeks. This culture method was not suitable to study adult RGC 
regeneration because they reported that cultures of retinas older than P8 often did 
not survive for more than 10 days in vitro. 
To summarize, the above tissue culture models had four major 
disadvantages: (1) The dissociation methods were too destructive for the RGCs 
(2) It did not allow the investigators to study the detailed morphology of the 
regenerating ganglion cells because most of them only evaluate the ability of 
regeneration by counting the neurites from retinal explants. Regenerating cells 
grew their neurites from the retinal explants onto the artificial substrate, which 
might not represent the in vivo situation within the retina. (3) The duration of 
culture was too short to study the long term response of RGC regeneration. (4) 
The response of RGCs from all regions of the retina cannot be assessed. 
Li view of the above-mentioned reasons, we would like to establish a long 
term whole-mount retinal explant culture system to study the regeneration of 
RGCs within the cultured retinal explants. In this system, the layer organisation 
of retina remained intact and mimicked the real situation in the animal. Jn 
addition, a long period of culture time allowed the investigators to study 
prolonged treatment of RGCs. 
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Materials and Methods 
A total of 149 adult golden hamsters (Mesocricetus auratus) aged 6-8 
weeks were used in this study. 
Culture of whole-mount retinal explants 
Animals were sacrificed by overdose injection of 10% chloral hydrate. 
The whole-mount retina was dissected under an aseptic hood in ice-cold 
Minimum Essential Medium (MEM). After the whole-mount retina with ganglion 
cell layer upwards was flat-mounted on a nucleopore filter (Nucleopore), it was 
transferred and put onto a dry coverslip which has been pre-coated with 20 ^g/ml 
poly-L-lysine (Molecular weight: 70,000 to 150,000) (Sigma). Then retina was 
cultured in 0.8ml Dulbecco's Modified Eagle Medium nutrient with F12 (DF) 
(Gibco) and 10% heat treated fetal bovine serum (Gibco) in 4-well culture plate 
(Nunclon). The explants were maintained at 37°C in a humidified incubator with 
5% CO2 for 4, 7, 14 28 or 56 days. The medium was changed everyday (Fig.2.1). 
Histology of retinal explants 
Retinas were fixed in 4% paraformaldehyde for 1 hour and 15 minutes. 
After fixation the whole-mount retinas were dehydrated, cleared and embedded 
in paraffin wax. Transverse sections were cut at 5^im thickness and stained with 
haematoxylin and eosin. 
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Figure 2.1 
Schematic diagram showing the paradigm of whole-mount retinal explant 
culture. Whole-mount retina was dissected in ice-cold MEM and then flat 
mounted on a coverslip pre-coated with poly-L-lysine. The culture was 
maintained in DF+10%FBS at 37°C in a humidified incubator from 4 days to 56 
days. 






























































































































































































RGC survival after axotomy in vivo or in explant culture studied by 
prelabeling with dye (4-(4-(didecYlamino)stvryl)-N-methYlpvridinum 
iodide (4-Di-lO-ASP) 
RGC survival after axotomy in vivo 
The number of animals used in this experiment was 11 (see Table 2.1). 
All operations were done by injection of 10% choral hydrate (dose: 0.4ml 
per 100g body weight) into the peritoneum of the animal. After deep anesthesia 
was attained, the animal was fixed on a dissecting board with the dorsal side up. 
The skin overlying the skull was incised at the midline. Skin overlying the right 
part of the skull was reflected and the position of the right orbit was exposed. The 
Tenon's capsule, superior rectus muscle and superior oblique muscle were 
incised. The right ON was exposed by blunt dissection and the ON was cut by 
microscissors at 2mm from the globe (Fig.2.2). The inferior part of the dural 
sheath as well as the central retinal artery was preserved. A small piece of gel 
foam soaked with fluorescent dye (4-(4-(didecylamino)styryl)-N-
methylpyridinum iodide, 4-Di-lOASP, Molecular Probe) was applied at the ON 
cut end. Then the cut skin was sutured and the animal was warmed under a lamp 
until consciousness was regained. The animals were allowed to survive for 3 7 or 
17 days. 
Tissue preparation of whole-mount retina 
After 3, 7, or 17 days, the animal was sacrificed by an overdose injection 
of 10% chloral hydrate followed by transcardial perfusion with phosphate 
buffered saline (PBS). The right eyeball was removed and immediately immersed 
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Figure 2.2 
Schematic diagram showing ON transection made at 2mm from the globe and 
prelabeling of fluorescent dye (4-Di-lO-ASP) at the cut end of adult hamster. 




















































































































in 4% paraformaldehyde in O.lM phosphate buffer (pH7.4). The cornea was 
dissected along the limbus followed by the removal of the lens and vitreous. A 
deep cut was made at the superior aspect of the retina for the sake of orientation. 
The retina was peeled off gently by a pair of fine forceps In addition, three more 
shallow cuts on the retina were made in order to mount the retina flat. The retina 
was sandwiched between two pieces of filter paper and fixed for 1 hour 15 
minutes before being washed in PBS for at least 2 hours with several rinses. It 
was then mounted on a slide, coverslipped with glycerol and observed under a 
Zeiss fluorescence microscope. 
RGC survival after axotomy in culture explants 
The number of animals used in this experiment was 16 (See Table 2.2). 
Three days after prelabeling, whole-mount retina was dissected and 
prepared for tissue culture as mentioned above. The retinal explant was cultured 
for 4 days or 14 days. After 4 or 14 days in culture, the whole-mount retinal 
explant was fixed in 4% paraformaldehyde in O.lM PB for 1 hour 15 minutes 
followed by washing in PBS several times for at least 2 hours and coverslipped in 
glycerol. 
Counting of fluorescent labeled RGCs 
The whole-mount retina was flat mounted in glycerol. Counting of 4-Di-
10-ASP-labeled RGCs at 12 regions of the retina was done under the fluorescence 
microscope at 400X, using an ocular grid square with an area of 
0.245X0.245mm". Three areas were chosen from each quadrant of the retina. The 
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distance of the three selected areas were 1.225, 2.45 and 3.675mm from optic 
disk respectively (Fig.2.3). The mean number of labeled cells was calculated from 
the data of 12 regions and this was divided by the area of the grid to obtain the 
mean density of labeled RGCs. The shape of the retina was outlined by camera 
lucida and the area of the retina was measured by a computer software developed 
by our department. Total number of cells was calculated by multiplying the mean 
cell density with the area of the retina. 
RGC survival after axotomy in vivo or in retinal explant culture 
studied by anti-neurofilament immunohisto-chemistry 
Normal hamster retinas were cultured as whole-mount explants for 7, 14 
28 or 56 days. Control in vivo experimental groups were done by ON transection 
at 2mm behind the globe and the animals were allowed to survive for 7, 14, 28 or 
56 days. 
Labeling of RGCs by neurofilament antibodies in vivo and in vitro 
In order to confirm that neurofilament antibodies labeled sub-populations 
of RGCs in the retina, prelabeling of RGCs at superior colliculus followed by 
immunohistochemistry of different molecular weight subunits of neurofilament 
antibodies was performed. 
Prelabeling of RGCs at superior colliculus 
The number of animals used in this experiments was 9 (See Table 2.3). 
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Figure 2.3 
Schematic diagram showing cell counting of fluorescent labeled RGCs on 
whole-mount retina. Cell counting was performed with ocular grid of size 
0.245X0.245 mm^ under 400X magnification.. Three areas from each retinal 
quadrant were sampled and the distances of the sampled areas were 1.225mm, 


























































































All animals were operated under deep anesthesia by 10% chloral hydrate 
(dose: 0.4ml per 100g body weight). After fixing the head of the animal on 
stereotaxic apparatus, the skin overlying the skull was opened. The temporal 
muscle over the left side of the skull was removed in order to identify the Lambda 
suture. Using Lambda suture as a surface landmark, a small hole was made by a 
hand drill at the anterolateral side of the Lamda. Care was taken not to damage 
the superior sagittal sinus. After removal of the dura, the cerebral cortex was 
exposed. To access the superior colliculus, some of the cerebral cortex was 
removed by a 19G needle connected to a suction pump. Excessive cerebrospinal 
fluid and blood were sucked away. To enhance the penetration of the fluorescent 
dye, a glass micropipette was used to make holes on the surface of the colliculus 
(Fig.2.4). Fluorescent dye (3% Granular Blue (GB) in PBS) soaked in a small 
piece of gelatin was applied above the superior colliculus. The animal was 
allowed to survive for three or four days before being sacrificed. 
Three or four days after prelabeling, the animal was sacrificed by 
overdose injection of 10% chloral hydrate intra-peritoneally followed by 
transcardial perfusion with PBS. The right retina was fixed in 4% 
paraformaldehyde in O.lM phosphate buffer pH7.4 for 1 hour and 15 minutes at 
room temperature. After several washes in PBS, the retina was kept in PBS 
overnight at 4°C. 




Schematic diagram showing a gelatin sponge soaked with 3% Granular Blue 
placed on the superior colliculus to retrogradely labeled the RGCs in the retina. 
Three days later, the animal was sacrificed and the whole-mount retina was 
































































































































Three monoclonal antibodies against different neurofilament polypeptide 
were used to study the RGCs: (1 )NF-L, a mouse monoclonal antibody against 
neurofilament polypeptide 68kD, Clone NR4 which is independent of the state of 
phosphorylation (Boehringer Mannheim Biochemica, 1.25^g/ml (2) NF-M, a 
mouse monoclonal antibody against neurofilament polypeptide 160kD, Clone 
NN18 which is independent of the state of phosphorylation (Boehringer 
Mannheim Biochemica, 1.25^ig/ml (3) NF-H, a mouse monoclonal antibody 
against neurofilament polypeptide 200kD, Clone N52 which is independent of the 
state of phosphorylation (Shaw et al. 1986) (Boehringer Mannheim Biochemica, 
1.25^ig/ml). 
The primary antibody was recognised by secondary antibody conjugated 
with rhodamine. Therefore different labels (i.e. GB or rhodamine) were viewed 
under different distinct filters of the fluorescent microscope. 
Counting GB and neurofilament double labeled RGCs 
The retina was flat mounted in glycerol. Counting of GB-labeled RGCs, 
anti-neurofilament labeled and double-labeled RGCs was done under the 
fluorescence microscope at 400X, using an ocular grid square with an area 
0.245mmXO.245mm. Three areas were chosen from each quadrant of the retina. 
The distance of the three selected areas were 1.225, 2.45 and 3.675mm from optic 
disk. Labeled cells in either GB or rhodamine filter from each area were counted 
once. Then double labeled cells were counted by switching between two filters to 
make sure the cells were double labeled. The shape of the retina was also outlined 
by camera lucida and the area of the retina was measured. The total number of 
25 
cells was calculated by multiplying the mean cell density with the area of the 
retina. 
Staining of retinal whole-mount after RGC axotomy or cultured 
explants with neurofilament antibodies 
The number of animals used in this experiment was 85 (See Table 2.4 to 
Table 2.9) 
Whole-mount retinal explants were labeled by the three subunits of 
neurofilament antibodies to study the survival of RGCs in vitro. 
At various times after ON transection or culturing the whole-mount retina, 
the retina was processed. Retinal whole mounts were blocked in 20% fetal bovine 
serum for 1 hour at room temperature and then incubated in primary antibody 
overnight at 4°C. After several washes in buffer containing 1% Triton X-0.5% 
bovine serum albumin (Sigma) and 0.9%NaCl in PBS, retinal whole mounts were 
incubated overnight in secondary antibodies. 
The primary antibodies were visualized with goat anti-mouse IgG 
secondary antibody (Jackson, 1.6^ig/ml) which were conjugated to peroxidase. 
The staining was developed by the DAB and glucose oxidase reaction (Shu et aL 
1988). After DAB development, the retinas were mounted on 3% gelatin subbed 
slides, dehydrated, cleared and coverslipped with Permount. 
Counting neurofilament positive RGCs under the light microscope 
Six areas along two lines were chosen from each quadrant of the retina. 
The distance of the three selected areas on each line were 1.225, 2.45 and 
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3.675mm from optic disk respectively. The mean number of labeled cells was 
calculated from the data of 24 regions (Fig.2.5) and this was divided by the area 
of the grid to obtain the mean density of labeled RGCs. The total number of cells 
was calculated by multiplying the mean cell density with the area of the retina. 
Other neurons in the retina in vivo and in vitro 
The number of animals used in this experiment was 4. 
Rabbit anti-tyrosine hydroxylase antibody (Chemicon, 0.014^ig/ml) was 
used to identify dopaminergic amacrine cells (Nguyen-Legros et al. 1981) in 
normal and cultured retinal explants. The primary antibody was recognised by 
donkey anti-rabbit IgG secondary antibody conjugated to peroxidase and 
developed by DAB and glucose oxidase reaction. 
Study of retinal glial cells 
Astrocytes and MUller cells in vivo and in vitro 
The number of animals used in this experiment was 8. 
Either rabbit polyclonal (Dako, 10.25^ig/ml) or mouse monoclonal 
(Boehringer, 1.25^ig/ml) antibody against glial fibrillary acidic protein (GFAP) 
were used to study astrocytes in the retina in vivo and in vitro. The monoclonal 
antibody was used to recognise astrocytes in retinal explants because it was found 
that the polyclonal antibody had serious cross-reaction with neurofilament protein 
in cultured retinal explants. 
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Figure 2.5 
Schematic diagram showing cell counting of peroxidase labeled RGCs on whole-
mount retina. Cell counting was performed with ocular grid of size 0.245X0.245 
mm^ under 400X magnification. Two imaginary lines were drawn and six areas 
from each retinal quadrant were sampled. The distances of the sampled areas 



























































Nucleoside diphosphatase (NDPase) histochemistry 
The number of animals used in this experiment was 8. 
Retinas were fixed in 10% formalin-PBS for 1 hour and 15 minutes. After 
several washes in PBS, retinas were incubated in O.lM Tris-maleate buffer pH7.2 
at 4°C overnight. Inosine 5-diphosphate(E)P) was use to demonstrate NDPase 
activity (Schnitzer 1989). The reaction medium contained O.lM Tris-maleate 
(0.5ml) 25mM distilled water (0.075ml), manganese chloride (0.25ml), 
dimethylsulfoxide (DMSO, 0.0125ml) and lOmM EDP (0.25ml). After incubating 
the retinas in reaction medium at room temperature for 30 minutes, 1% lead 
nitrate (0.15ml) was added and the retinas were incubated at 37°C for 30 minutes. 
Afterwards, retinas were rinsed in distilled water, immersed in 2% aqueous 
ammonium sulphide solution for 2 minutes, rinsed in distilled water and mounted 
in glycerinejelly. 
Phagocytic ability of microglia in vivo and in vitro 
The number of animals used in this experiments were tabulated (Table 2.10). 
Microglia in vivo (Fig.2.6) 
The RGCs were prelabeled by 4-Di-lOASP at the ON cut end as 
mentioned above. The operated animals were allowed to survive for 3, 7 or 17 
days. The microglia will phagocytose the labeled RGCs and accumulate the dye 
in the cell body thus enabling them to be visualized (Thanos 1988). 
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Microglia in vitro (Fig.2.6) 
Three days after prelabeling of RGCs with fluorescent dye, tissue culture 
for whole mount retinal explant was performed as described above. The retinal 
explants were cultured for 4 or 14 days. 
Counting fluorescent labeled microglia 
The whole-mount retina was flat mounted in glycerol. Counting of 4-Di-
10-ASP-labeled RGCs at 12 regions of the retina was done under the fluorescence 
microscope at 400X, using an ocular grid square with an area of 
0.245X0.245mm^. Three areas were chosen from each quadrant of the retina. The 
distance of the three selected areas were 1.225, 2.45 and 3.675mm from optic 
disk respectively (Fig.2.3). The mean number of labeled cells was calculated from 
the data of 12 regions and this was divided by the area of the grid to obtain the 
mean density of labeled RGCs. The shape of the retina was outlined by camera 
lucida and the area of the retina was measured by a computer software developed 
by our department. Total number of cells was calculated by multiplying the mean 
cell density with the area of the retina. 
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Figure 2.6 
Schematic diagram showing the experimental paradigm for studying the activity 
of microglia. RGCs were prelabeled by placing the fluorescent dye at the optic 
nerve cut end. The microglia phagocytosed the prelabeled RGCs and became 
fluorescent under fluorescence microscope. 
In vivo experimental group: 
The operated animals were allowed to survive for 7 (3+4) or 17 (3+14) days after 
ON transection and prelabeling. At 7 days or 17 days post-axotomy, the animals 
were sacrificed and flat-mounted. The microglia taken up the fluorescent dye 
were counted under fluorescence microscope. 
In vitro experimental group: 
The operated animals were allowed to survive for 3 days before retinal explants 
culture. The whole-mount retinal explants were cultured for either 4 days or 14 
days. Then retinal explants were fixed in 4% paraformaldehyde. The microglia 














































































































































































































































All statistical analysis of the data was performed using Student's t-test 
with p=0.05 as the level of significance. 
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Results 
The cultured retinal explants were attached to the substrate during the first 
few days in culture. Afterwards, the explants detached from the coverslips and 
became free-floating in the medium. There was no cell migration from the retinal 
explant. At the time of harvest, the whole-mount retinal explants remained in 
good condition for analysis. In rare cases, the retinal explants attached to the 
coverslips and this was accompanied by cell migration. Such cases were excluded 
from our study. 
Layer organisation of cultured retinal explants 
The layer organisation of the retinal explant was compared with the 
normal retina. We found that the layer organisation of the cultured retinal 
explants remained intact although there was some distortion in the outer nuclear 
layer and inner nuclear layer (Fig.2.7). 
Survival of RGCs after ON transection 
Three days after application of 4-Di-lO-ASP to the ON the labeled RGCs 
appeared yellow in colour under the fluorescence microscope. Labeled cells were 
recognised by the fluorescent dye deposited on the cell membranes outlining the 
shape of the cells (Fig.2.8a). The labeling was even throughout the whole retina 
from central to peripheral regions (Fig.2.8b and c). The total number of RGCs 
labeled was 116504 cells per retina 3 days after dye application. This represented 
the normal RGC population in the retina. 
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Figure 2.7 
Normal retina section (5^im thick) stained with H & E (A). Retinal explant 
cultured for 28 days 5^im thick section stained with H & E (B). (1) ganglion cell 
layer (2) inner plexiform layer (3) inner nuclear layer (4) outer nuclear layer. 
Scale bar = lOO i^m. 
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Adult hamster whole-mount retina prelabeled with 4-(4-(didecylamino)styryl)-N-
methylpyridinium iodide (4-Di-lO-ASP) for three days at ON. Both axons 
(asterisks) and ganglion cells (arrowhead) were clearly labeled. The fluorescent 
dye labeling was uniformly distributed from central to peripheral (A). The 
fluorescent dye was mainly deposited on the cell membrane. The density of 
RGCs in the central region (B) was usually greater than that in the peripheral 
region (C). 
Scale bar = lOO i^m (A); 50^im (B and C). 

The number of prelabeled RGCs decreased with time after ON transection 
(Fig.2.9a,c and Fig.2.10) (Table 2.1). Seven days after axotomy, about 44.1% 
(51388 cells per retina) of the RGCs (116504 cells per retina) still survived. This 
further decreased to about 5.6% (6518 cells per retina) of the total normal RGC 
population at 17 days post axotomy (dpa) (Fig.2.10). 
Survival of RGCs in cultured whole-mount retinal explant 
RGCs in retinal explant were prelabeled with 4-Di-lOASP for three days 
before being cultured for 4 days or 14 days in vitro. The prelabeled RGCs in the 
explant also decreased with time in culture but the rate of RGC loss was less than 
that in the in vivo group (Fig 2.9b,d and Fig.2.10) (Table 2.1 and Table 2.2). At 4 
days in vitro (DP/) (equivalent to 7 dpa), 52.2% of RGCs survived, and this 
decreased to 35.7% at 14 DIV (or 17 dpa). The dye in the surviving prelabeled 
RGCs had a tendency to leak out of the cells with prolonged culture times. 
Therefore, RGCs as revealed by anti-neurofilament staining were used to study 
the long term survival of RGCs in culture. 
Survival of RGCs studied bv anti-neurofilament 
immunohistochemistry 
Majority of neurofilament containing cells are RGCs 
In order to study sub-populations of RGCs in retina, neurofilament 
antibodies were used to label different types of RGCs. 
The RGCs were doubly labeled with fluorescent dye (3%GB in PBS) 
applied at superior colliculus and neurofilament immunohistochemistry. The GB 
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Figure 2.9 
After ON transection, the number of fluorescent dye prelabeled RGCs 
(arrowhead) decreased with time. There was no difference in the number of 
RGCs between 7 dpa (A) and 4 DJV (B). But the difference became obvious at 
17 dpa (C) and 14 DIV (D). Microglia (open arrow) were observed at 17 dpa (C). 
dpa: Days post-axotomy 
DIV : Days in vitro 
Scale bar = lOO i^m (A and B); 50^im (C and D). 

Figure 2.10 
Survival of 4-Di-lO-ASP prelabeled RGCs after ON transection in vivo and in 
vitro. 
dpa : days post axotomy 
DIV : Days in vitro 
Fig.2.10 Survival of prelabeled RGCs after 
ON transection 
in vivo and in vitro 
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labeled cells appeared blue in colour under UV-filter and rhodamine labeled cells 
were red under rhodamine filter. 
It was found that 90.4% of the NF-H positive cells are double labeled 
with GB (Table 2.3). Total number of NF-H positive RGCs is 17440 cells per 
retina (represented about 14.97% of total RGCs population) (Fig.2.11a.b). 
On the other hand, NF-M only labeled very few GB-labeled RGCs (48 
cells per retina) (Table 2.3) . It only represented 0.04% of the total RGC 
population. (Fig.2.11c,d) 
Similarly, about 46670 cells per retina (86.33%) of NF-L positive cells are 
doubly labeled with GB (Table 2.3). It represented 40.47% of the total RGCs 
population (Fig.2.11e,f). 
t i summary, neurofilament antibodies against the different subunits were 
specific to RGCs. 
Neurofilament expression in whole-mount retina in vivo and in vitro 
after ON transection 
NF-H 
In vivo: 
RGCs were visualised by NF-H primary antibody and secondary antibody 
conjugated with peroxidase. The NF-H positive RGCs were clearly labeled with 
axons (Fig.2.12a,b). In addition, horizontal cell processes also expressed NF-H 
protein and formed a profuse network in the outer plexiform layer (Fig.2.12c). 
The horizontal cell processes in the peripheral retina consistently had deeper 
staining than that in the central region (Lohrke et al. 1995). 
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Figure 2.11 
In the neurofilament study, RGCs were prelabeled at superior colliculus with 3% 
Granular Blue (GB). Three days later, the animals were sacrificed and whole-
mount retina were labeled by different neurofilament subunits antibodies (i.e. 
NF-H, NF-M and NF-H). Anti-neurofilament subunits antibodies labeled sub-
populations of RGCs in the retina, in addition all neurofilament antibodies 
labeled axons (asterisks): 
NF-H: 
Same microscopic view of double labeled RGCs (white arrows). Prelabeled 
RGCs (A) and NF-H primary antibody followed by secondary antibody 
conjugated with rhodamine (B). 
NF-M: 
Same microscopic view of double labeled RGCs (white arrows). Prelabeled 
RGCs (C) and NF-M primary antibody followed by secondary antibody 
conjugated with rhodamine (D). 
NF-L 
Same microscopic view of double labeled RGCs (white arrows). Prelabeled 
RGCs (E) and NF-L primary antibody followed by secondary antibody 
conjugated with rhodamine (F). 
Scale bar = 50jam. 
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Figure 2.12 
NF-H primary antibody followed by secondary antibody conjugated with 
peroxidase were used to visualise RGCs (arrowhead), axons (arrows) (A and B) 
and horizontal cell plexus (open arrow) (C). 








The total number of NF-H positive RGCs decreased dramatically 7 dpa 
followed by a slower decrease thereafter (Normal= 17750; 7 dpa=4564; 14 
dpa=1173; 28 dpa=203; 56 dpa= 60). At 28 dpa and beyond very few NF-H 
positive RGCs and axons were found (Fig.2.13a,c,e and Fig.2.14) (Table 2.4). 
In vitro: 
However, the total number of NF-H positive RGCs in whole-mount 
retinal explant increased from 0 DP/ to 7 DTV but this was not statistically 
significant (Student's t-test; p=0.08) and then returned to the range of normal NF-
H RGCs found in the normal in vivo retina (7 DP/=25834; 14 DIV= 17580; 28 
DW= 16076; 56 DW= 16627) (Fig.2.14). At all time points, RGCs and axons 
were clearly labeled (Fig.2.13b,d,f) (Fig.2.21c) (Fig.2.14) (Table 2.5). 
NF-M 
In vivo'. 
The RGC axons and horizontal cell processes in the retina expressed NF-
M protein (Fig.2.15a,c) throughout all regions of the retina but very few RGC 
bodies express NF-M (Fig.2.15b). 
The total number of NF-M positive RGCs decreased from 7 dpa to 56 dpa 





The density of NF-H positive RGCs in vivo (A, C and E) and in vitro (B, D and 
F) after ON transection and retinal explant culture respectively. RGCs were 
revealed by NF-H antibody followed by secondary antibody conjugated with 
peroxidase. After axotomy, the density of RGCs decreased from 7 dpa (A), 14 
dpa (B) to 28 dpa. On the other hand, the density of NF-H positive RGCs in 
culture retinal explants decreased only slightly from 7 DFV (B), 14 DW (D) to 28 
DIV (F). 
Scale bar = lOO i^m. 
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The change in total number of NF-H positive RGCs (mean±SEM) in vivo and in 
vitro after ON transection and retinal explant culture respectively. 
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Figure 2.15 
NF-M primary antibody followed by secondary antibody conjugated with the 
peroxidase were used to visualise the of RGCs (arrowhead) (B), axons (arrows) 
(A) and horizontal cell plexus (open arrow) (C). Very few RGCs were visualised 
by NF-M antibody (B). 
Scale bar = lOO i^m (A); 50^im (B and C). 

Figure 2.16 
The change in total number of NF-M positive RGCs (mean±SEM) in vivo and in 
vitro after ON transection and retinal explant culture respectively, 
dpa : days post axotomy 
DIV : Days in vitro 
Fig.2.16 Total number of NF-M positive RGCs 
after ON transection 
in vivo and in vitro 
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Figure 2.17 
The density of NF-M positive RGCs in vivo (A, C and E) and in vitro (B, D and 
F) after ON transection and retinal explant culture respectively. RGCs were 
revealed by NF-M antibody followed by secondary antibody conjugated with 
peroxidase. After axotomy, the density of RGCs decreased from 7 dpa (A), 14 
dpa (C) to 28 dpa (E). On the other hand, the density of NF-M positive RGCs in 
cultured retinal explants increased dramatically from 7 DFV (B), 14 DP/ (D) to 
28 DIV (F). 
Scale bar = 50^im. 
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There were significant changes in the number of NF-M positive RGCs in 
cultured retinal explants. The total number of cultured NF-M RGCs remained 
unchanged from ODJV to 7DFV but then increased significantly from 7 DJV (1938 
cells per retina) to 14 DJV (18365 cells per retina; Student's t test:p<0.05), and 
then slightly decreased to 15520 at 28 DW(Fig.2.16). Li cultured retinal explants, 
the NF-M positive RGCs were densely stained at all time points (Fig.2.17b,d,f) 
(Fig.2.21b) (Fig.2.16) (Table 2.7). 
NF-L 
In vivo 
NF-L antibody labeled large numbers of RGCs in the retina (Fig.2.18a,b). 
Unlike NF-H and NF-M antibody, NF-L antibody did not label horizontal cell 
processes in the normal retina (Fig.2.18c). 
The total number of NF-L positive RGCs also decreased drastically from 
4168 at 7 dpa followed by a smaller decrease afterwards (14 dpa= 912; 28 dpa= 
321; 56 dpa= 367) (Fig.2.19) (Fig.2.20a,c,e) (Table 2.8). 
In vitro 
The total number of NF-L positive RGCs in the cultured explant 
decreased slowly from 7 DFV to 28 DTV but the rate of reduction was much more 
slower compared to the in vivo experimental group (7 DJV= 23942; 14 
DIV=16489; 28 DIV= 7682) (Fig.2.19) (Fig.2.20b,d,f) (Fig.2.21a) (Table 2.9). 
Sprouting of RGCs in the retinal explant 
3 5 
Figure 2.18 
NF-L primary antibody followed by secondary antibody conjugated with the 
peroxidase was used to visualise large population of RGCs and axons (A). Panel 
B was the microscopic view as the panel but at higher magnification. The RGCs 
(arrowhead) and axons (arrow) were clearly labeled in panel B. But no horizontal 
cell plexus was found (C). 
Scale bar = lOO i^m (A); 50^im (B and C). 
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The change in total number of NF-L positive RGCs (mean±SEM) in vivo and in 
vitro after ON transection and retinal explant culture respectively, 
dpa : days post axotomy 
DIV : Days in vitro 
Fig.2.19 Total number of NF-L positive RGCs 
after ON transection 
in vivo and in vitro 
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Figure 2.20 
The density of NF-L RGCs in vivo (A, C and E) and in vitro (B, D and F) after 
ON transection and retinal explant culture respectively. RGCs were revealed by 
NF-L antibody followed by secondary antibody conjugated with peroxidase. 
After axotomy, the density of RGCs decreased from 7 dpa (A), 14 dpa (C) to 28 
dpa (E). On the other hand, the NF-L RGCs in cultured retinal explants 
decreased more slowly from 7DIV (B), 14 DIV (D) to 28 DIV (F). 
Scale bar = 100|nm 
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Figure 2.21 
RGCs (arrowheads) and axons (arrows) in retinal explants cultured for 28 days 
were labeled by neurofilament antibody of different subunits: NF-L (A), NF-M 
(B) and NF-H (C). 
Scale bar 50^nn. 

Figure 2.22 
Horizontal cell processes (arrows) in retinal explants cultured for 28 days were 
labeled by neurofilament antibody of different molecular weight: NF-L (A), NF-
M (B) and NF-H (C). In addition, the NF-H antibody also labeled the cell body 
(arrowhead) of horizontal cell (C). 
Scale bar 50 

Figure 2.23 
Anti-tyrosine hydroxylase antibody followed by secondary antibody conjugated 
with peroxidase were used to visualise dopaminergic amacrine cells in the retina. 
Both cell body (arrows) and their dendrites (arrowheads) were clearly labeled. 
There was no difference between normal (A) and retinal explants cultured for 28 
days (B and C). Panel C was taken at the same microscopic view as panel B but 
at higher magnification. 
Scale bar = lOO i^m (A and B); 50^im (C). 

Figure 2.24 
Astrocytes (A and B) and MUller cells (C) were visualised by antibody against 
glial fibrillary acidic protein (GFAP). In normal retina (A), astrocytic processes 
wrapped around the blood vessels and outlined the shape of the retinal blood 
vessels (open arrows). In addition, the astrocytic processes connected with each 
other to form a network structure in retina (curved arrows). On the other hand, 
there was no observable changes of astrocyte morphology after ON transection 
for 14 days (B). The MUller cell processes (arrows) located in the outer 
plexiform layer were also labeled by GFAP antibody after ON transection for 14 
days (C). 












Despite the good survival of RGC in culture, no sprouting of axon-like 
processes (Cho and So 1992) from RGCs were seen. 
Response of interneurons in retinal explants 
Horizontal cell processes in the in vivo retina expressed only NF-H and 
NF-M. Interestingly, horizontal cell processes expressed neurofilament proteins 
of all molecular weight in culture (Fig.2.22). The horizontal cell body was 
identified by recognising the outline of the cell at region of the inner nuclear layer 
of the retina close to the outer plexiform layer. At 28 DJV, the horizontal 
processes could be traced back to the horizontal cell body (Fig.2.22c). 
Anti-tyrosine hydroxylase antisera was used to visualise the dopaminergic 
amacrine cells in both in vivo and in vitro. In the normal retina, tyrosine 
hydroxylase positive amacrine cells had their cell bodies at either inner nuclear 
layer or were displaced to ganglion cell layer. They were bipolar in shape and 
possessed 2 to 3 primary dendrites which branched to form a very large dendritic 
field (Fig.2.23). In the cultured explants, tyrosine hydroxylase-positive amacrine 
cells in both the inner nuclear and ganglion cell layer were present. Their number 
and morphology did not differ much from those in the in vivo retina. 
Retinal glial cells in vivo and in vitro after ON transection 
Astrocytes and MUller cells 
GFAP is present specifically in astrocytes. At 14 dpa, there was no 
observable changes in astrocyte morphology (Fig.2.24a,b). The astrocytes 
remained in stellate shape with processes contacting each other as well as 
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wrapping around blood vessels. Muller cells had undetectable amount of GFAP 
in normal retinas, but after ON transection, they expressed GFAP and their end-
feet appeared as black dots in the whole-mount retina (Fig.2.24c ). 
However, the survival of astrocytes in cultured explant was not very good 
throughout all time points examined. Some areas of the explant lacked GFAP 
positive astrocytes. Astrocytes were found in higher density in peripheral regions 
of the explant. The processes of some astrocytes had undergone hypertrophy 
(Fig.2.25a,b). In contrast to the in vivo group, no MUller cell end-feet were found 
in the explant at 14DIV (Fig.2.25c) 
Survival of retinal microglial cells in vivo and in vitro after ON 
transection 
The retinal microglia were visualised by nucleoside diphosphatase 
(NDPase) enzyme-histochemistry. Microglia were present in normal hamster 
retina and they are mainly located in nerve fiber / ganglion cell layer and inner 
plexiform layer. These microglial cells had processes extending from the cell 
bodies (Fig.2.26a) After ON transection, the number of microglial cells increased 
at 7 dpa (Fig.2.26b). In addition, the activated microglia became hypertrophied 
(Fig.2.26c,d) and those in the nerve fibre layer aligned with the RGC axons at 
both 7 dpa and 14 dpa (Fig. 2.26b). 
However the microglial cells responded very differently in cultured retinal 
explant. At both 7DIV and 14 DFV, the processes of the microglia became 
retracted and the cell bodies decreased in size (Fig.2.27). 
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Figure 2.25 
GFAP antibody were used to study the astrocytes in the retinal explants cultured 
for 14 days (A, B and C). The survival of astrocytes was poor in cultured retinal 
explants after 14 days in culture (A and B). The peripheral regions (pe) of retinal 
explants usually had more astrocytes than that in the central regions (ce) (A). At 
higher magnification, astrocytic processes (curved arrow) at peripheral regions 
also formed a network structure and wrapped around the blood vessel (open 
arrow) (B). On the contrary, there was no GFAP positive MUller cells in cultured 
retinal explants after 14 days in vivo (C). The curved arrows in figure C 
represented the astrocytic processes in inner plexiform layer. 









































































Microglia in the retina became activated after ON transection. Both microglia 
(black arrows) and blood vessels (open arrows) were visualised by NDPase 
histochemistry. Microglia were present in normal retina (A). Seven days after 
ON transection, the processes became aligned with the axons and point towards 
the optic disk (B), and the cell bodies of the microglia were enlarged (C). At 14 
dpa, the morphology of the microglia remained unchanged from that at 7 dpa 
(D). 


















































































Microglia (arrows) and blood vessels (open arrows) in cultured retinal explants 
were also labeled by NDPase histochemistry staining. 7 days in vitro (DW), the 
processes of microglia did not align with the axons (A) and the morphology of 
microglia were distorted (B). 14 DW, morphology of microglia were also 
distorted (C and D). 
Scale bar = lOO i^m (A and C); 50^im (B and D). 

The activity of the microglial cells was assessed by their ability to 
phagocytose the prelabeled axotomized RGCs which would then accumulate the 
fluorescent dye (4-Di-lO-ASP) in the cytoplasm and the processes of the 
microglia. After ON transection, 4-Di-lO-ASP labeled microglia were found in 
different layers in the retina (Fig.2.28). The total number of 4-Di-lO-ASP labeled 
microglia in ganglion cell layer (GCL), inner plexiform layer (EPL) and outer 
plexiform layer (OPL) increased with time after ON transection. The number of 
microglial cells in GCL increased drastically from 3 dpa (0) to 7 dpa (3357 cells 
per retina), followed by a slower increase at 17 dpa (6065 cells per retina) 
(Fig.2.29) (Table2.10). 
On the contrary, the microglial cells in the two plexiform layers respond 
very slowly to injury. Very few labeled microglial cells in EPL (11 cells per retina) 
and no labeled microglia in OPL were found at 7 dpa. The total number of 
microglial cells in EPL and OPL increased dramatically to 984 cells per retina and 
618 cells per retina respectively at 17 dpa (Fig.2.29) (Table 2.10). Since microglia 
located in OPL should not be able to phagocytose dying RGCs and accumulate 4-
Di-10-ASP, the presence of 4-Di-lO-ASP labeled microglia in OPL suggested 
that they could migrate from GCL or JPh to more deeper layers in the retina after 
phagocytosing RGCs. 
The microglial cells in cultured retinal explant lost their ability to 
phagocytose the injured RGCs. No labeled microglial cells were found at 17 dpa 
(14DIV)(Fig.2.30a). 
In order to confirm the 4-Di-lO-ASP labeled phagocytic cells were 
microglia, whole-mount retinas with axotomized RGCs prelabeled with 4-Di-
lOASP were stained by NDPase histochemical staining. The results showed that 
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Figure 2.28 
After axotomy, the prelabeled RGCs were phagocytosed by microglia. Therefore 
the fluorescent dye accumulated in the microglia. The morphology of microglia 
was identified by the fluorescent dye deposited on the cell membrane of cell 
body and short processes. The microglia were found in different retinal layers: 
ganglion cell layer (A), inner plexiform layer (B) and outer plexiform layer (C). 
Numerical numbers 1,2 and 3 represented the relative position of the same 
microglia in different retinal layers. 
Scale bar = 50^im. 
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Figure 2.29 
The change in number of 4-Di-lO-ASP labeled microglia in different retinal 
layers (i.e. ganglion cell layer , inner plexiform layer or outer plexiform layer) 
after ON transection in vivo. 
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Figure 2.30 
The activity of microglia in cultured retinal explants assessed by their ability of 
phagocytosing prelabeled ganglion cells (arrowhead) with 4-Di-lO-ASP applied 
at ON after transection. No labeled microglia was found in cultured retinal 
explants (A). In order to confirm that microglia phagocytosed prelabeled 
ganglion cells, prelabeled RGCs in whole-mount retina in vivo was processed 
with NDPase histochemistry staining. Seventeen days after ON transection, co-
localisation of fluorescent labeled cells and NDPase positive cells were observed 
(B and C), the microglial cells (arrows) were both labeled with fluorescent dye 
(B) and with NDPase staining (C). 
Scale bar = 50^im 
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the fluorescent dye was accumulated in the cell bodies and processes of the 
NDPase positive microglia (Fig.2.30b,c) 
In summary, survival of RGCs in retinal explants were greatly enhanced 
compared to the in vivo experimental groups with ON transection. This may be 
due to the fact that the survival of microglial cells were poor in retinal explants 
and they lost the phagocytic ability. 
In the neurofilament expression study, amount of neurofilament subunits 
of different molecular weight in cultured retinal explants went up and down at 
different time in culture. All selected retinal regions responded simultaneously in 
culture. No regenerating RGCs were observed in cultured retinal explants in spite 
of enhanced survival. 
Other neurons such as tyrosine hydroxylase positive amacrine cells had 
good survival in retinal explant compared to that in normal retina. 
For retinal glia, there was no observable changes in astrocytes after ON 
transection in vivo from 7 dpa to 28 dpa. But MUller cells increased GFAP 
protein at their end-feet in after axotomy. On the contrary, survival of astrocytes 




In this study, we have established a long term culture system for the 
whole-mount retina. The whole retina can be maintained for at least 56 days in 
culture, ln order for the culture to be successful, the retina must remain flat 
throughout the whole period of culture. We found that the retinal explant must be 
attached to the coated coverslip during the first four days of culture; otherwise the 
retina will roll up and finally degenerate. 
Response of prelabeled RGCs after ON transection in vivo and in 
vitro 
The survival of RGCs after axotomy was assessed by prelabeling the cells 
with fluorescent dye (4-Di-lO-ASP) at the ON. The fluorescent dye is taken up by 
the cells and labeled the RGCs completely in the retina after three days. This 
retrograde labeling method is essential because Perry (1981) found that a large 
population of amacrine cells is present in the ganglion cell layer in the rat. Any 
other histological methods (e.g. Nissl staining) used will over-estimate the total 
number of RGCs and inevitably affect the interpretation of results. 
Similar to previous studies in the rat (Berkelaar et al. 1994), the total 
number of RGCs in adult hamster decreased with time after intra-orbital ON 
transection. The total number of RGC is reduced to about 50% of the normal 
RGCs population by day 7 after axotomy and less than 10% after day 14. 
However, RGCs in cultured retinal explants are more resistant to death 
compared to the in vivo group. Two possibilities can be proposed to explain this 
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observation. (1) Effect of serum in the culture medium and (2) the survival of 
microglia in retinal explants. 
Firstly, the serum used in culture medium may contain trophic factors that 
delay the neuronal death in vitro. In fact, many experiments have demonstrated 
that trophic factors enhance neuronal survival (Carmignoto et al. 1989; Mey and 
Thanos et aL 1993; Peinado-Ramon et al. 1996). It is not difficult to understand 
the effect of neurotrophic factors on neuronal survival. After axotomy, the 
neurons are disconnected from their targets and deprived of essential trophic 
factors. Therefore, a supply of exogenous trophic factors may enhance neuronal 
survival. In our culture system, we have attempted to eliminate the effect of 
semm by using DMEM plus F12 and N2 neuronal supplement (Bottenstein and 
Sato 1979). But the retinal explants become more disorganised when cultured 
with this defined medium. Therefore, culture medium containing serum was 
indispensable for the retinal explants. 
Secondly, after ON transection, RGCs undergo Wallerian degeneration. 
Microglial cells are activated and phagocytose the dead RGCs (Thanos 1991). ][n 
our experiment, we have demonstrated that the activated microglia revealed by 
NDPase histochemical staining become aligned with the degenerating axons and 
possessed enlarged cell bodies after ON transection in vivo. The results were 
similar to that seen after brain lesions. Schnitzer and Scherer (1990) showed that 
the number and staining intensity of microglia were increased after ON 
transection as revealed by NDPase histochemistry. In contrast, the morphology of 
microglia in cultured retinal explants changed drastically and this may account for ‘ 
the high survival rate of the RGCs in retinal explants. With reference to the 
experiments done by Thanos (1988), the phagocytic activity of microglial cells 
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can be studied by prelabeling degenerating RGCs with fluorescent dye (4-Di-lO-
ASP) and the activated microglia in the retina would phagocytose the degenerated 
RGCs, take up the dye and retain it for long periods of time. Thanos et aL (1993) 
also demonstrated that RGCs survival and regeneration was enhanced in vivo and 
in vitro after injection of macrophage inhibitory factor intraocularly to suppress 
the microglia activity. Our results agree with the hypothesis suggested by Thanos. 
The microglia are activated after ON transection in vivo and their phagocytic 
activity is increased. On the contrary, the microglial cells in cultured retinal 
explants lost their phagocytic ability. This in tum would allow better survival of 
RGCs in vitro. 
Neurofilament expression in whole-mount retina in vivo and in vitro 
Neurofilament expression of RGCs in normal retina 
It is reported that neurofilament protein antibody is present in 
subpopulations of neurons in the mammalian retina (Shaw and Weber 1984; 
Sloan and Stevenson 1987; Vickers and Costa 1992; Straznicky et aL 1992). 
Vickers and Costa (1992) demonstrated that neurofilament protein triplet 
immunoactivity is present in horizontal, bipolar and some ganglion cell bodies. 
The processes of horizontal cells and bipolar cells were also labeled. In our 
experiments, we used different types of neurofilament (NF) antibodies against 
different molecular weight (i.e. NF-L, NF-M, NF-H) instead of neurofilament 
protein triplets (NFP-triplets) antibody to reveal neurons in the retina. 
Interestingly, neurofilament antibodies against different molecular weight labeled 
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different structures in the normal hamster retina. All 3 subunits label RGC axons, 
the NF-L antibody labeled about 50% of the cell bodies of the total population 
RGCs, very few RGC cell bodies are labeled by NF-M antibody and about 20% 
of total RGCs are labeled by NF-H antibody. Only NF-H and NF-M antibodies 
labeled horizontal cell processes. Other neurons are not detected by these 
antibodies. Therefore neurofilament antibodies are specific to certain neurons 
especially RGCs. 
Temporal changes of neurofilament expression in vivo and in vitro 
The temporal changes of neurofilament expression can be studied by 
plotting the total number of RGCs expression for the three neurofilament subunits 
on the same graph for both in vivo and in vitro experimental groups (Fig.30 and 
Fig.31). 
Changes in neurofilament subunit expression of RGCs after axotomv 
in vivo (Fig. 2.31) 
A drastic decrease in the number of RGCs expressing the 3 neurofilament 
subunits occurs 7 days after ON transection and this is followed by a slower 
decline thereafter. This decrease pattern parallels the kinetics of cell death in the 
whole RGC population in which there is also a rapid phase of cell loss at early 
times after injury followed by a protracted degenerative phase (Villegas-Perez et 
al. 1993). Thus, it seems that the decrease in the sub-population of neurofilament 
positive RGCs reflects cell death of these cells. However, it cannot be ruled out at 
present that there are some surviving RGCs which are normally neurofilament 
positive but stop expressing them after axotomy. 
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Figure 2.31 
The temporal changes of the 3 neurofilament subunits expression in RGCs in 
whole-mount retina after ON transection. 
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Changes in neurofilament subunit expression of RGCs after axotomy 
in vitro (Fig. 2.32) 
The expression pattern of the 3 neurofilament subunits in RGCs 
maintained in vitro is very different from that in vivo. The number of NF-H 
positive RGCs remains relatively unchanged from that of the normal in vivo 
number up to 56 days of culture, whereas the number of NF-M positive RGCs 
dramatically increases to 11 times of the normal in vivo number at 14 days and 
beyond in culture. On the other hand, changes in NF-L positive RGCs seem to 
resemble the in vivo situation in that a drop in number occurs, albeit at a much 
slower rate. It could of course be argued that under in vitro conditions, the 
displaced amacrine cells in the ganglion cell layer abnormally express 
neurofilaments which would then contribute to the high number of NF-M cells or 
to the close-to-normal number of NF-H cells seen. However, this seems unlikely 
because the locations of the cells positive for the different neurofilament subunits 
in the retinal explant are no different from that of the normal in vivo retina, 
namely that positive staining is seen only in the GCL and horizontal cell plexus 
(except for weak staining of horizontal cell bodies in the cultured explants). If the 
culture conditions are such that they influence displaced amacrine cells to express 
neurofilaments, other cells, especially amacrine cells in the E^L, are also likely to 
be affected. 
It is interesting to note that the number of NF-M positive RGCs increases 
to a maximum number at 14 days in vitro, at which time and thereafter until 28 
days in vitro, it is similar to the number of NF-H positive cells. This points to the 
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Figure 2.32 
The temporal changes of neurofilament subunits expression in RGCs in cultured 
retinal explants. 
Fig-2_32 Neurofilament subunits expression of RGCs 
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possibility of the co-localization of the NF-H and NF-M subunits in the cell 
bodies of the same population at this time point in culture. The fact that their 
numbers begin to stabilize whereas that of NF-L positive RGCs continue to 
decline suggests that the presence of these 2 subunits in the cell bodies of RGCs 
may be related to their long term survival. It is known that compared to NF-L, 
NF-M and particularly NF-H contain an extended carboxy-terminal tail domain 
which can be highly phosphorylated and allows interactions with other 
cytoskeletal components (Carden et al. 1985). For example, NF-H has been 
suggested to play a role in the later phase of axonal growth and axonal 
stabilization (Hoffman et al 1985; Cleveland et al 1991). It is speculated that via 
their interactions with other components of the cytoskeleton, NF-H and NF-M 
may help to maintain the integrity of the axotomized neuron. However, it is not 
known whether the increase in number of NF-M positive RGCs is due to either 
increased synthesis of NF-M or increased accumulation of NF-M in the cell 
bodies. Some neurons respond to injury by exhibiting an abnormal accumulation 
of phosphorylated NF-H in the cell bodies (Moss and Lewkowicz 1983; Drager 
and Hofbauer 1984). Since the NF-M antibody used in this study detects NF-M 
irrespective of its state of phosphorylation (Debus et al. 1983), we tend to believe 
that the increase in NF-M RGC number is due to enhanced expression of NF-M. 
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Chapter 3 
Responses of retinal ganglion cells after peripheral nerve 
transplantation in vivo and in vitro 
46 
Introduction 
In the previous chapter, we described a whole-mount retinal explant 
culture in which the survival of RGCs is better than in vivo. The enhanced 
survival of RGCs may be due to the serum-containing medium which contains 
putative neurotrophic factors. After axotomy, RGCs are disconnected from their 
axon target. As a result the RGCs cannot access neurotrophic factors from its 
target, t i keeping with this, it has been reported by several researchers that 
neurotropic factors can protect RGCs from dying after interruption of their axons 
(Carmignoto et aL 1989). Three vig/injection of Nerve Growth Factor (NGF, 2.5S 
subunit) every 2.3 day from the day of axotomy successfully rescued RGCs when 
injected intraocularly (Carmignoto et aL 1989). In addition, intraocular injection 
of Ciliary Neurotrophic Factor (CNTF), Brain-Derived Neurotrophic Factor 
(BDNF) and sciatic nerve-derived medium retards the process of the lesion-
induced RGC degeneration. This may result in a larger population of RGCs 
which can be recruited to regenerate their axons and provide a basis for functional 
recovery (Mey and Thanos 1993). Moreover, Mansour-Robaey et aL (1994) 
demonstrated that intravitreal injection of BDNF enhanced RGC survival and 
increases the density of axons in the vicinity of the ON head. Sawai et aL (1996) 
studied the effects of BDNF, Neurotrophin-3 (NT-3) and NT-4/5 on axonal 
branching from regenerating RGCs. They revealed that only BDNF and NT-4/5 
can dramatically enhance the growth of axonal branches from axotomized RGCs 
in the rat. 
Giestal de Araujo and Linden (1993) demonstrated that conditioned 
medium from either aggregates or explants (about lmm^) of RGCs from neonatal 
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rats contained trophic factors which enhanced the survival of DiI labeled RGCs in 
vitro. The trophic activity was dose-dependent, was maintained after dialysis 
against a 12 kDa membrane but was abolished by heat at 56 C for 30 minutes. Jn 
addition, Cohen et aL (1994) studied the effect of trophic factors on adult rat 
RGC survival and neurite outgrowth from retinal explants (about 0.16mm^. They 
found that both NT-4/5 and brain-derived neurotrophic factor (BDNF) had similar 
positive effects on RGCs. NT-4/5 caused dose-dependent increases in neurite 
outgrowth with one-half maximal effects at 0.5ng/ml and maximal effects at 5 
ng/ml. Combination of saturating concentrations of NT-4/5 and BDNF did not 
produce any additive effect. On the contrary, other trophic factors e.g. NGF, NT-3 
or CNTF did not exert effect on RGC survival or neurite outgrowth. 
Therefore, RGCs require specific neurotrophic factors for survival and 
regeneration. Diffusible factors from PN is one of the most potent substances in 
inducing RGC regeneration. Cho and So (1992) demonstrated that RGCs can 
sprout axon-like processes after transplanting a PN segment into the vitreous of 
the eye. They found that the number of sprouting cells revealed by silver staining 
decreased from 2 weeks post ON crush to 2 months post-ON crush. But a second 
fresh peripheral nerve transplanted into the vitreous two weeks after the first 
grafting did not sustain the number of sprouting cells. Their results suggest three 
possibilities: (1) the regeneration process is a spontaneous process, which means 
after a critical period, the RGCs no longer need the PN for regeneration. 
Therefore the second fresh PN has no effect on regeneration. (2) The mechanisms 
governing survival and regeneration are different, therefore the second piece of 
peripheral nerve has no effect on maintaining the number of regenerating cells (3) 
The sprouting cells were struggling between death and regeneration. In the 
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presence of a PN, the RGCs began to regenerate but later the death signals 
override the regenerative signals, and the RGCs die. 
Using the cultured whole-mount retinal explant technique which results in 
enhanced survival of RGCs, we wish to address the effect of the pre-implantation 
of an intravitreal PN on the subsequent responses of the RGCs when they are 
maintained in culture. Specifically, a PN segment will be implanted intravitreally 
to stimulate sprouting of the axotomized RGCs. Two weeks later, the retina will 
be removed and cultured in vitro as a whole-mount retina. During the period of 
tissue culture, the stimulus of the PN will be removed, lf the regeneration process 
has only a "turn on" effect, then the RGCs will continue to regenerate in the 
cultured retinal explants. If the RGCs need a continuous supply of diffusible 
factors from the PN, then the RGCs will cease forming axon-like processes. 
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Materials and Methods 
A total number of 35 adult golden hamsters {Mesocricetus auratus) aged 
6 to 8 weeks were used in this study. Three groups of experiments as outlined in 
Fig.3.1 wereperformed. 
Intra-orbital ON transection and intravitreal PN transplantation 
(Fig.3.1) 
The number of animals used in this experiment were 12 (see Table 3.1). 
ON transection 
All operations were done under 10% chloral hydrate anesthesia (dose: 
0.4ml/100g of body weight). The skin overlying the skull was cut to expose the 
superior aspect of the right eyeball. After clearing the connective tissue and 
extraocular muscles, the ON inside the orbit was exposed and cut at about 2mm 
behind the globe by microscissors carefully avoiding the central retinal artery. 
Intravitreal PN transplantation 
Intravitreal PN transplantation was carried out immediately after 
intraorbital transection of the ON. The skin overlying the thigh muscle of the left 
leg was excised, the thigh muscles were cut to expose the common peroneal nerve 
which lay just underneath a fat pad beneath the thigh. A segment of the common 
peroneal nerve about 2mm long was removed and the epineurium of the nerve 
was stripped off. The superior aspect of the right eyeball at the limbus was 
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Figure 3.1 
Schematic diagram showing the viable PN transplantation into the vitreous of the 
eye made immediately after ON transection • A PN segment about 2mm long 
was excised from the leg, desheathed and inserted into the vitreous body via a 




























































































































punctured with a 27-G needle and the PN segment was inserted into the vitreous 
with the help of a glass micropipette (Fig.3.1). After implantation of the graft, the 
lesion in the eyeball was closed by a single 10/0 suture. The operated animals 
were allowed to survive for 14 21 or 28 days (Fig.3.2a). 
Culture of whole-mount retina after ON transection and intravitreal 
PN grafting (Fig.3.2b) 
The number of animals used in this experiment were 11 (see Table 3.2). 
Optic nerve transection followed by intravitreal PN grafting (i.e. viable 
PN or non-viable PN) was done. Experiments in which killed PN grafts were 
inserted into the vitreous body served as a control for the possibility that the 
effect of a living PN graft on axotomized RGCs is due to some effects other than 
that mediated by cells in the graft. The non-viable PN was prepared by five cycles 
of repeated freeze and thaw of the nerve in PBS in liquid nitrogen and 50°C water 
respectively. 
Two weeks after optic nerve transection and PN transplantation (either 
viable or non-viable PN), the animals were sacrificed by an overdose injection of 
10% chloral hydrate. Whole-mount retinal explants were prepared as described in 
the previous chapter. The retinal explants were cultured for 7 or 14 days 
(Fig.3.2b) and the culture medium was changed everyday. 
Culture of whole-mount retina after ON transection only (Fig.3.2c) 
The number of animals used in this experiment was 8 (see Table 3.2). 
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Figure 3.2 
Schematic diagram showing the experimental paradigm: 
(A) ON transection followed by viable PN transplantation was done, the 
operated animals were allowed to survive for 7, 14, 21 or 28 days. 
(B) ON transection and PN transplantation for 14 days followed by tissue culture 
for 7 days or 14 days or ON transection and non-viable PN transplantation 
for 14 days followed by tissue culture for 14 days 



















































































































































































































































































Culture of whole-mount retina after ON transection as a control to study 
the effect of PN on the axotomized RGCs, animals received ON transection only 
and followed by tissue culture were performed. Two weeks after axotomy, whole-
mount retinal explants were cultured for 7 days or 14 days (Fig.3.2c). 
Visualisation of RGCs using monoclonal antibody to neurofilament 
polypeptide 200kD (NF-H) 
Whole-mount retinas (either in vivo or in vitro experimental group) were 
fixed in 4% paraformaldehyde in O.lM PB pH7.4 for 1 hour 15 minutes followed 
by washing in PBS for at least 2 hours. Then the retinas were processed for 
immunohistochemistry against NF-H subunit. The details of the 
immunohistochemistry has been described in the previous chapter. 
Analysis of Results 
Total cell number of RGCs 
All NF-H positive RGCs in the whole retina were counted under direct 
light microscopic observation at 400X with an ocular grid of area 
0 
0.245X0.245mm . The grid was moved over the retina in a continuous fashion 
and all labeled cells were counted. Cell count was further differentiated as 
belonging to the superior and inferior regions of the retina by a dividing line at 
the optic disk (Fig.3.3). 
Sprouting of RGCs labeled with NF-H antibody in vivo and in vitro 
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Figure 3.3 
Schematic diagram showing counting of NF-H RGCs in whole-mount retina. 
Cell counting was performed under 400X microscopic observation with ocular 
grid 0.245X0.245mm^. The retina was scanned from left to right and then shifted 




















































































NF-H positive RGCs which exhibited sprouting in the retina were 
sampled under 400X with an ocular grid of area 0.245X0.245mml Three areas 
were chosen from each quadrant of the retina The distance of the three selected 
areas were 1.225mm, 2.45mm and 3.675mm from optic disk respectively. The 
number of NF-H positive RGCs as well as the number of RGCs which exhibited 
sprouting within the grid area were counted. Sprouting RGCs were recognised by 
their irregular and enlarged cell bodies, and the presence of axon-like processes 
emerging from the dendrites and cell bodies (Cho and So 1992). The number of 
sprouts emerging from the primary dendrites of the regenerating RGCs were 
counted. Then the number of sprouts per cell was calculated. 
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Result 
Changes in the number of NF-H positive RGCs in vivo after axotomy 
and intravitreal PN transplantation 
Study of regenerating RGCs in vivo using NF-H antibody 
The total number of NF-H positive RGCs decreased from 14 days to 28 
days after ON transection and viable PN transplantation (days = 963; 21 
days=589; 28 days= 241) (Fig.3.4) These values were not significantly different 
(At 14 dpa: p=0.3; At 28 dpa: p=0.5) compared to that seen after ON transection 
only (14dpa=1173 cells per retina; 28dpa=203 cells per retina) (Table 3.1). 
Therefore, the viable PN had no effect enhancing the survival of NF-H positive 
RGCs. However, the viable PN had a potent effect on inducing RGC sprouting. 
Large numbers of RGCs with irregular cell bodies and sprouting of axonal like 
processes were observed (Fig.3.5). 
Changes in number of NF-H positive RGCs in vitro after axotomv 
and vitreal PN transplantation 
Study of regenerating RGCs in vitro using monoclonal antibody to neurofilament 
polypeptide 200kD (NF-H) 
The total number of NF-H positive RGCs increased significantly 
(Student's t-test: p=0.03) from 7 days in vitro (DTV) (1433 cells per retina) to 14 
DrV (2244 cells per retina) after ON transection and viable PN transplantation 
(Fig.3.6 and Fig.3.7b,d). 
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Figure 3.4 
Change in total number of NF-H positive RGCs in whole-mount retina after 
viable PN transplantation. 
Fig.3.4 Total number of NF-H positive RGCs 
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Figure 3.5 
ON transection followed by intravitreal viable PN transplantation was used to 
stimulate RGC sprouting. The sprouting RGCs (arrowheads) and their axon-like 
processes (arrows) were visualised by NF-H antibody followed by secondary 
antibody conjugated with peroxidase (A to C). Two weeks after PN 
transplantation, axon-like processes forming complex loops were found and they 
could be traced back to the cell body of the sprouting cell (A). The sprouting 
cells together with their axon-like processes were also observed at 3 weeks (B) 
and 4 weeks (C) after PN transplantation. The asterisk in figure C represented 
the axon of the regenerating cell. 
Scale bar = 50^im (A and B); lOO i^m (C). 

Figure 3.6 
Change in total number of NF-H positive RGCs in cultured retinal explants after 
viable PN transplantation for 14 days before culture and change in total NF-H 
positive RGCs after ON transection only for 14 days before culture. 
Fig,3_6 Total number of NF-H positive RGCs 
in cultured retinal explant 
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Figure 3.7 
Viable PN transplantation (B and D) or non-viable PN transplantation (A and C) 
for 14 days followed by retinal explant culture for either 7 days or 14 days were 
performed. The RGCs in the retinal explants were labeled by NF-H antibody. 
Sprouting RGCs were also found in cultured retinal explants with PN 
transplantation at 7 DJV (B) or 14 DTV (D), and the number of RGCs in retinal 
explants after 14 DW (D) were higher compared to that for 7 DFV (B). On the 
other hand, no sprouting RGCs were found in retinal explants with non-viable 
peripheral transplantation followed by tissue culture for 7 days (A) or 14 days 
(C). 
































































































































































































































































































This increase in the number of NF-H positive RGCs in cultured retinal 
explants may be caused by several factors: (1) The effect of the PN (2) The effect 
of a conditioning lesion (i.e. ON transection for 14 days followed by tissue 
culture) (3) The effect of the tissue culture. Therefore we isolated the individual 
factors to investigate their effect on NF-H expression of RGCs in cultured retinal 
explants. 
In order to demonstrate that the effect was caused by the viable PN, a 
control experiment was done by transplanting a non-viable PN into the vitreous of 
the eye and then followed by tissue culture for 14 days. The results revealed that 
the number of NF-H positive cells was only 439 cells per retina (Fig.3.7a,c) after 
14 days in culture. This value was significantly different (Student's t-test: 
p=0.0057) (Table 3.2) compared with the number of NF-H RGCs in cultured 
retinal explants with ON transection and viable PN transplantation for 14 days 
followed by 14 days in culture (2244 cells per retina). 
Secondly, we performed another experiment in order to study the effect of 
a conditioning lesion on subsequent RGC NF-H expression in culture ON 
transection for 14 days in vivo followed by retinal explant culture for 7 days or 14 
days was done. We found the total number of NF-H RGCs decreased significantly 
(Table 3.2) (Student's t-test: p=0.0017) from 7 DW (1202 cells per retina) to 14 
DrV (535 cells per retina). Therefore the drastic increase in NF-H positive RGC 
number in retinal explants with PN transplantation was not due to the effect of the 
conditioning lesion (i.e. ON transection) because the total number of RGCs in 
retinal explant with ON transection only for 14 days followed by tissue culture 
actually decreased (Fig.3.6). 
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Moreover, the increase in NF-H positive RGCs in culture retinal explants 
with PN transplantation was not caused by merely putting the retina into culture 
because in chapter 2 we have demonstrated that the number of NF-H RGCs did 
not change significantly from 7 DIV to 56 DIV (Fig.2.14). 
Therefore the increase in the number of NF-H positive cells in cultured 
retinal explants was probably due to the stimulus of the viable PN prior to putting 
the retina into culture. 
Analysis of sprouting of axon-like processes from RGCs in vivo and 
in vitro 
The NF-H antibody labeled both RGCs which sprouted axon-like 
processes as well as those which survived but did not sprout. Jn order to quantify 
and compare the extent of sprouting of RGCs at different time points both in vivo 
and in vitro, RGCs bearing axon-like processes were specifically identified. 
Axon-like processes were identified by two criteria (Cho and So 1992): (1) the 
length of the process exceeded the normal dendritic field; (2) the process formed 
complex loops which exhibited non-directional growth within the retinal layers. 
RGCs which sprouted axon-like processes usually possessed enlarged and 
irregular cell bodies (Fig.3.5); however, not all enlarged and irregular cell bodies 
possessed identifiable axon-like processes. This could be due to retraction of 
axon-like processes from some of the irregular cells, or the immunostaining was 
not sensitive enough to detect all axon-like processes, especially if they were too 
small in calibre. This was especially so for the retinal explants maintained in 
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Wrro in which the axon-like processes were usually thinner compared to those in 
vivo (Fig.3.5, Fig.3.8). 
The mean numbers of RGCs which possessed axon-like processes at 14 
21 and 28 days after PN transplantation in vivo were 289 447 and 155 
respectively, representing 34%, 61% and 66% of the total NF-H positive RGC 
population respectively (Table 3.3). In contrast, the numbers of sprouting RGCs 
at 7 and 14 DJY were 165 and 612, and they represented 14% and 28% of the 
total NF-H RGC population respectively (Table 3.3). Due to the large variations 
found in individual retinas in the in vitro experiments, although the number of 
sprouting RGCs was higher at 14 DIV compared to that at 7 days in vitro, the 
difference was not statistically significant (p=0.06). However, compared to the in 
vivo situation at 28 days post axotomy and PN transplantation, the retinal explant 
at 14 DP/ had more sprouting RGCs, and the difference was significant (p=0.04). 
Thus, it seems that putting the retina into culture at 14 days post axotomy and PN 
transplantation could prevent the decrease in the number of sprouting RGCs. 
The number of axon-like processes possessed by each sprouting RGC was 
also quantified. In the in vivo group, the mean number of axon-like processes per 
cell was 8 6.5 and 13 at 14, 21 and 28 days after PN transplantation respectively. 
Statistical analysis did not reveal any significant differences among them (Table 
3.4). When the retina was explanted for culture at 14 days post-PN 
transplantation, the mean number of sprouts per cell was 4.8 and 5.7 at 7 and 14 
DIV respectively. Again there was no difference between the 2 culture time 
points (Table 3.4). However, the mean number of sprouts per cell at 28 days post-
PN transplantation in vivo was slightly greater than that of the in vitro group at 14 
days (p=0.045, Table 3.4). These results indicate that when the retina was put in 
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Figure 3.8 
The axon-like processes (arrows) of the sprouting RGCs (arrowheads) in the 
cultured retinal explants for lDJV (A) and 14DFV (B) were visualised by NF-H 
antibody. The axon-like processes were thinner than that in vivo. 
Scale bar = 50^im. 

culture after being induced to sprout by an intravitreal PN, even though the extent 
of sprouting of individual cells was not increased as in the in vivo group, at least 




A pre-intravitreal PN transplantation stimulates more RGCs to 
express NF-H in vitro when the retina was subsequently cultured 
One of the very prominent effects of the intravitreal PN transplantation on 
the axotomized RGCs is to increase the number of RGCs expressing NF-H if the 
retina is put into culture 14 days after PN grafting. Neither the normal retina 
(Chapter 2) nor the 14 days pre-axotomized retina but without intravitreal PN 
graft exhibit this increase in NF-H positive RGCs when put into culture. That the 
specific action of the PN is most likely due to its cellular components is 
demonstrated by the observation that a non-viable intravitreal PN does not 
produce this effect. In fact, if the RGCs are pre-axotomized 14 days before 
putting the retina into culture, the number of NF-H positive cells actually 
decreases from 7 to 14 DrV, suggesting that the in vivo pre-axotomy leads to 
further RGC death in culture. Therefore, the presence of an intravitreal PN at the 
time of the pre-axotomy not only counteracts the subsequent in vitro cell death, 
but also increases the number of RGCs expressing NF-H from 7 to 14 DIV. 
A previous study of the intravitreal PN on promoting the survival of 
axotomized RGCs indicates that no enhancement of RGC survival is seen (Cho 
and So 1992), and our present results on the sub-population of RGCs expressing 
NF-H is similar: the number of NF-H positive RGCs remaining 28 days after 
axotomy is the same whether or not an intravitreal PN is present. However, since 
an intravitreal PN transplant does enhance the number of NF-H RGCs maintained 
in culture subsequently, the PN must have either directly or indirectly through 
other retinal cells primed the RGCs before they are cultured. The stimulus 
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conceivably arises from diffusible factors secreted by the PN, but whether or not 
they are related to the known neurotrophic factors produced by the PN 
(Neuberger and De Vries 1988) or to the putative factors which stimulate 
sprouting of axon-like processes of RGCs (Cho and So 1992) remains to be 
studied. However, it is remarkable that these putative factor(s) can either maintain 
or up-regulate the expression of NF-H in axotomized RGCs (see Chapter 4). 
Sprouting of axon-like processes in the retina continues in vitro after 
initiation by intravitreal PN 
Diffusible factors originating from the intravitreal PN have been proposed 
to stimulate sprouting of axotomized RGCs (Cho and So 1992). Whether they are 
required only to initiate the sprouting process, or if they are essential to sustain 
the sprouts is not yet clear. Our present results suggests that the number of RGCs 
which sprout axon-like processes in culture is increased with culture time if they 
have been stimulated by an intravitreal PN before explantation, whereas the 
number of sprouting RGCs tends to decrease with time in the in vivo group. The 
increase in the number of sprouting RGCs in vitro may be partly related to the 
ability of the PN to increase the number of NF-H RGCs from 7 to 14 DIV, since 
an increase in the number of sprouting RGCs was found at 14 but not 7 DIV. It is 
tempting to speculate that the increase in NF-H expression may have a role to 
play in axonal regeneration (Tetzalff and Bisby 1989 McKerracher et al. 1990) or 
sprouting. The fact that in the absence of the PN in vitro, the number of sprouting 
cells in the retinal explant is increased, coupled with the maintenance of the 
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number of sprouts per cell from 7 to 14 DFV suggests that the intravitreal PN is 
more important in initiating the process than in sustaining it. 
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Chapter 4 
Effect of optic nerve or peripheral nerve transplants on 
cultured whole-mount retina 
62 
Introduction 
The difference in regenerative ability of neurons between fish and 
mammals has been explained in terms of the glial cell response after injury. 
Blaugrund et aL (1993) showed that after ON crush, fish glial precursor cells 
migrated to the injury site accompanied by the regenerating axons but the glia and 
glia precursor cells of the rat failed to do so. This may account for the failure of 
rat axons to enter and traverse the injured area. In another study done by Sievers 
et aL (1995), it was shown that immature astrocytes are capable of stimulating the 
regeneration of cut ON fibres of adult rats. The effect is limited to grafted ON of 
ontogenetic age up to the early second postnatal week and to cultured astrocytes 
obtained from neonatal rat. Similar results were obtained by Bahr et aL (1995). 
They showed that astrocytes prepared from newbom rats support RGC 
regeneration of embryonic and adult rat. On the contrary, regeneration of adult 
RGCs was inhibited by adult rat ON astrocytes. In another study, Bahr (1991) 
showed that neurite growth was significantly better when retinal explants from 
normal adult rats were cultured on crush-activated retinal glia as compared to glia 
derived from noncrushed retinas. Therefore different stages ,of maturation of 
astrocytes may influence the capability of RGC regeneration. 
PN is well-known to support CNS regeneration (Aguayo 1985). Cho and 
So (1992) have demonstrated that ON crush followed by transplantation of viable 
PN into the vitreous of the eye induced sprouting of RGCs. In the PN, there are 
Schwann cells and fibroblasts. Li and Raisman (1994) demonstrated that the tract 
axons in the spinal cord formed sprouts after injection of a suspension of 
Schwann cells cultured from neonatal sciatic nerve. Similarly, survival of 
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axotomized RGCs was enhanced when Schwann cells were injected intraocularly 
(Maffei et aL 1990). The action of the PN and Schwann cells may be due to the 
fact that they secrete a number of growth factors that act on neurons (Neuberger 
and De Vries 1993). Moreover, Schwann cells are a good substrate for neurons. 
Kleitman et aL (1988) showed that embryonic retinal explants from rat extended 
neurites on Schwann cell surfaces and antibodies to L1 were effective in blocking 
retinal neurite extension on Schwann cells. In addition, adult RGCs from cultured 
retinal explants also extended neurite on Schwann cells but not on basal lamina 
(Hopkins and Bunge 1991). 
From the above studies, it can be seen that glial cells from CNS and PNS 
play an important role in CNS regeneration. Therefore, in this study, we 
examined the effects of co-culturing either PN or ON explants with normal whole 
retinal explants on RGC survival and regeneration. Furthermore, we also studied 
the response of RGCs in cultured explants with a prior ON crush after ON crush 
with either peripheral nerve explants or ON explants because it was reported that 
glial cells in the retina were activated after a conditioning lesion (Bahr 1991). 
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Materials and Methods 
A total number of 30 adult golden hamsters (Mesocricetus auratus) aged 6 to 8 
weeks were included in this study. All operations were done under 10% chloral 
hydrate anesthesia (dose: 0.4ml/100g of body weight). 
Preparation of the PN explant 
The number of animals used in this experiment was 5. 
A segment of the common peroneal nerve around 2mm long was 
removed. The nerve was placed in ice-cold Minimum Essential Medium (MEM) 
and washed once in an aseptic hood. Then the epineurium of the nerve was 
stripped off by two pairs of fine forceps. The PN was cut into segments (about 
1mm in length) and about seven segments were placed in a 35mm tissue culture 
dish (Corning) or organ culture chamber (Falcon) which was pre-coated with 
20jLig/ml poly-L-lysine (Fig.4.1). The explants were maintained in a humidified 
incubator with 5% CO2 in atmospheric air using Dulbecco's modified Eagle's 
medium plus F12 (DF, Gibco) with 10% fetal bovine serum (FBS) and antibiotic 
for 7 days before co-cultured with retina. 
Cells which migrated out of the explants were stained with anti-S-100 
antibody (Boehringer) (Morrissey et aL 1991) to detect the Schwann cells. 
Preparation of astrocytes from ON culture 
Dissection of ON 
The number of animals used in this experiment was 5. 
65 
The skin overlying the skull was cut and reflected to exposed the superior 
aspect of the right eyeball. After clearing the connective tissue and extraocular 
muscles, the ON inside the orbit was exposed. The dura surrounding the ON was 
carefully cut open by a pair of microscissors and fine forceps were used to 
separate the nerve from it. 
Culture of ON explant 
The dissected ON was washed in ice-cold MEM under an aseptic hood. It 
was cut into about 12 segments (about 1mm in length) and transferred to a 35mm 
culture plate pre-coated with 20|ig/ml poly-L-lysine (Fig.4.1). 
DF+10%FBS+antibiotic was used to culture the ON explants. The explants were 
maintained for 7 days before co-culturing them with retina. Cells which migrated 
out of the explants were immunostained with anti-GFAP antibody to identify 
astrocytes. 
Co-culture of ON or PN explants with normal hamster retinal explant 
(Fig.4.1) 
The number of animals used in this experiment was 6 (See Table 4.1). 
Seven days after ON or PN explantation, retina from normal hamster was 
dissected for co-culture (The dissection procedures have been described in the 
previous chapter) with the ON explant. Then the retina was flat mounted on a 
coverslip pre-coated with 20^ig/ml poly-L-lysine and placed in the 35mm tissue 
culture dish in which ON or PN segments had been explanted 7 days ago, with 
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Figure 4.1 
Schematic diagram showing the nerve explantation (either ON or PN). Nerve 
explants were cultured in 35mm dish for 7 days followed by co-culture with 























































































































































































































































the ON/PN explants surrounding the retina. The co-culture period lasted for 7 
days. 
Co-culture of ON or PN explants with pre-axotomized retina in 35 
mm dish (Fig.4.2) 
The number of animals used in this experiment was 7 (See Table 4.1). 
The skin overlying the skull was cut to expose the superior aspect of the 
right eyeball. The optic nerve in the orbit was crushed at about 2mm behind the 
globe with a pair of fine forceps. The animal was allowed to survive for 7 days. 
Seven days after the ON crush, the animal was sacrificed by overdose 
injection of 10% chloral hydrate. The pre-axotomized retina was dissected and 
co-cultured with either ON or PN explant for 7 days or 14 days. In another group, 
the pre-axotomized retina was cultured alone for 7 days to compare with the 
effect of the PN or ON co-culture. 
Coculture of PN explant with pre-axotomized retina in organ culture 
chamber (Fig.4.3) 
The number of animals used in this experiment was 4 (See Table 4.2) 
When retinal explants were co-cultured with either ON or PN explants in 
35mm dish, cells migrating out of the ON or PN would frequently come into 
contact with the retina, especially after 1 week of co-culture. This resulted in 
adherence of the retina to the coverslip such that it became impossible to harvest 
it for immunostaining. Therefore a different co-culture device was used to 
minimize the contact of migrating cells with the retina. 
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Figure 4.2 
Schematic diagram illustrating the co-culture experiment of pre-axotomized 
retinal explant with nerve explants. 
Dissected nerve segments (either ON or PN) were cultured in 35mm dish for 7 
days and then co-cultured with pre-axotomized retinal explants which was 





























































































































































































Experimental paradigm showing the co-culture experiment of PN explants and 
pre-axotomized retinal explant in organ culture chamber. The PN explants were 
cultured for 7 days and then co-cultured with pre-axotomized retinal explant 




























































































































































































































































































In this experiment, PN explants were co-cultured with pre-axotomized 
retinal explants in an organ culture chamber for 13 days. The chamber was 
composed of two compartments. The nerve explants were placed in the lower 
compartment while the retinal explants were located in the upper compartment 
and supported by a wire gauze. Diffusible factors released from the PN could 
freely circulate in the culture medium to reach the retina but no cellular contact 
would occur. 
Analysis of results 
NF-H antibody followed by secondary antibody conjugated with 
peroxidase was used to visualise the RGCs in the cultured retinal explants. The 
protocol was the same as described in Chapter 2. 
NF-H positive RGCs in the whole retina were counted under 400X with 
an ocular grid of area 0.245X0.245mm^. Six areas along 2 lines running from the 
optic disk to the periphery were sampled from each quadrant of the retina. The 
distance of the three selected areas along each line were 1.225mm, 2.45mm and 
3.675mm from optic disk respectively (Fig.2.5). The number of RGCs delimited 
by the ocular grid was counted. The mean number of cells was calculated from 
the data of 24 regions and this was divided by the area of the grid to obtain the 
mean density of labeled RGCs. The shape of the retina was outlined by camera 
lucida and the area of the retina was measured by an image analysis software 
developed by our department. The total number of cells was calculated by 
multiplying the mean cell density with the area of the retina. 
68 
Cell size measurement 
The NF-H positive RGCs in the retinas cultured with or without PN using 
the organ culture chamber for 13 days were photographed with positive film 
under 400X. Three areas were sampled from each quadrant of the retina. The 
three selected distances were 1.225mm, 2.45mm and 3.675mm from optic disk 
respectively. The shapes of the cells on the positive film were outlined on 
transparencies by a slide projector. Then the areas of the NF-H positive RGCs 
were measured by an image analysis software. Over one hundred cells in each 
experimental group were measured. 
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Results 
Primary ON explant culture 
The small segments of ON attached very well to the poly-L-lysine coated 
culture dish. Four days after explantation, cells from the ON explants began to 
migrate out to the culture dish and proliferated. 
Immunostaining with anti-GFAP antibody revealed that the majority of 
migrated cells were GFAP positive and therefore were astrocytes. The 
morphology of the cultured astrocytes was flat and they had filamentous structure 
inside the cytoplasm when labeled with GFAP antibody (Fig.4.4). The high yield 
of astrocytes from primary ON explants may be due to the fact that the meninges 
were totally removed during dissection. 
Primary PN explant culture 
The peripheral nerve explants also attached very well to the poly-L-lysine 
substrate. A few days after culture, cells began to migrate into the culture dish. 
Under the phase contrast microscope, there were two types of migrating cells (1) 
spindle-shaped cells and (2) flat cells. We have tried to identify putative Schwann 
cells with anti-S-100 immunostaining but the antibody failed to cross-react with 
hamster Schwann cells. However, based on the cell morphology, the spindle cells 
should be Schwann cells (Morrissey et aL 1991) and the flat cells fibroblasts. 
ON or PN explants co-cultured with normal hamster retina 
Six to 7 segments of nerve (either ON or PN) explants were placed 
surrounding the whole-mounted retinal explant and co-cultured for 7 days. 
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Figure 4.4 
Migrating cells from ON explants (A and B) were visualised by phase contrast 
microscope and they were positive for GFAP (arrows) (C). The black area 
labeled with (EXP) in (A) represented the ON explant. 
Scale bar = lOO i^m (A and B); 50^im (C). 

Anti-NF-H antibody was used to visualise RGCs in the whole-mount 
retinal explants (Fig.4.5). The total number of NF-H positive cells in the whole-
mount retina when co-cultured with ON and PN were 31701 and 41407 
respectively. The total number of NF-H positive RGCs in retinal explants was 
significantly higher (Student's t-test: p=0.037) (Table 4.1) in co-culture with PN 
than in retina co-cultured with ON. In addition, the number of RGCs in retinal 
explants co-cultured with PN was also statistically greater (Student's t-test: 
p=0.00036) (Table 4.1) than that in tissue culture of normal retinal explant alone. 
There was no difference between ON co-culture group and that of the retinal 
explant cultured alone (Student's t-test: p=0.11). 
No irregular cells which exhibited sprouting of axon-like processes were 
observed in any of the retinal explants co-cultured with either PN or ON. 
ON explants or PN explants co-cultured with pre-axotomized retina 
in 35mm dish 
Since no RGCs exhibited sprouting when the normal retina was co-
cultured with PN or ON, we tested the hypothesis whether a prior axotomy of the 
RGCs 7 days before culture would induce sprouting when co-cultured with ON or 
PN. 
When the pre-axotomized retina was co-cultured with PN or ON, the 
migrating cells from PN or ON grew to the territory of the retinal explant and 
cells from the retinal explant also migrated out simultaneously due to activation 
by the prior axotomy (Bahr 1991). These cellular migrations caused the retinal 
explants to be attached firmly to the substrate. At 14 days of co-culture, no retinal 
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Figure 4.5 
Normal retinal explants were co-cultured with either ON explants (A and B) or 
PN explants (C and D) for 7 days. Large amount of RGCs were NF-H positive. 
They did not have any sign of sprouting (e.g. irregular cell bodies or axon-like 
processes) when co-cultured with nerve explants. 
Scale bar = lOO i^m (A and C); 50^im (B and D). 

explants could be detached from the coverslip for whole-mount immunostaining, 
whereas at 7 days of co-culture, some retinal explants from the PN-co-culture 
group could be recovered for NF-H immunostaining of the whole-mount, ln this 
group, 5826 NF-H positive RGCs were present in the explant. This was not 
statistically different from the pre-axotomized retina cultured alone (4868 cells 
per retina) (Student's t-test; p=0.37) (Table 4.1). For the ON-co-culture group, all 
retinal explants became attached to the substrate, so that none was available for 
whole-mount immunohistochemistry. 
Those retinal explants which had attached to the substrate were also 
stained with anti-NF-H antibody. Most of the RGCs in these explants could not 
be labeled because of the inability of the antibody to penetrate into the explants. 
Merestingly, however, neurites were found at the peripheral regions of retinal 
explants and they extended from the explants to the substrate formed by ON or 
PN (Fig.4.6). The number of neurites seemed to be higher and they grew more 
extensively in retinal explants co-cultured with PN. In addition, some of the cell 
bodies at the periphery of the explant were heavily labeled with NF-H antibody. 
This means that both regenerating neurites and their cell bodies also expressed 
NF-H protein during regeneration. 
PN explants co-cultured with pre-axotomized retina in organ culture 
chamber 
Since extensive cellular migration both from the ON or PN and the pre-
axotomized retina led to adherence of the retina and made it impossible for 
whole-mount immunostaining after long co-culture periods, we switched to using 
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Figure 4.6 
The RGCs in the attached retinal explants with conditioning lesion (i.e. ON 
crush) grew long neurites from the explants to the surrounding substrate formed 
by migrated cells of either ON explants (A) or PN explants (B). Both cell body 
(arrowheads) and neurites (arrows) expressed NF-H protein using NF-H 
antibody. The area enclosed by the broken line represents the attached retinal 
explants (Rex). Moreover neurite growth was more extensive on PN substrate 
(A) rather than grew on ON substrate (B). 
Scale bar = lOO^m. 

the organ culture chamber. Thirteen days after this type of co-culture of PN 
explants with the pre-axotomized retina, the number of NF-H positive RGCs was 
7518 cells per retina which was significantly higher than that in the pre-
axotomized retina cultured alone (4479 cells per retina) (Student's t-test: p=0.03) 
(Table 4.2) (Fig.4.7c,d). 
The sizes of NF-H positive cells in the pre-axotomized retina of the co-
culture pre-axotomized or the group cultured alone were measured by computer 
software. Over one hundred cells from each group were selected. There was no 
significant difference in the mean cell size between the 2 groups at 13DFV (retina 
cultured alone: 96.00^im^45.91; retina+PN: 88.26^m^±44.02; Student's t-test: 
p=0.14785) (Fig.4.8). Again, no irregular or sprouting cell was observed at any of 
the time points. 
In summary, the PN explants had effect on neurofilament expression of 
normal RGCs and RGCs with preinjury (i.e. ON crush), but they could not induce 
either normal or pre-injured RGCs to form axon-like process in vitro. Li addition, 
the cell size of RGCs did not increase in the presence of PN explants in vitro. 
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Figure 4.7 
Retinal explants with conditioning lesion (i.e. ON crush) for 7 days followed by 
tissue culture (A and C) or co-culture with PN explants (B and D). Again, the 
RGCs in cultured retinal explant culture did not have any sign of sprouting in all 
cases. But the number of NF-H positive RGCs in the retinal explants co-cultured 
with PN was significant increase from 7 DIV (B) to 13 DIV (D). However, there 
was no such increase in retinal explant without PN co-culture from 7 DFV (A) to 
13DIV (C). 
Scale bar = 50^im. 

Figure 4.8 
Histogram showing the cell size distribution of NF-H RGCs in cultured retinal 
explants. 
(A) ON crush for 7 days followed by tissue culture for 13 days. 
(B) ON crush for 7 days followed by co-culture with PN explants in organ 
culture chamber for 13 days. 
Fig.4.8 Cell size distribution of pre-axotomized RGCs 
followed by tissue culture for 13 days 
in organ culture chamber 
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Discussion 
PN explants co-cultured with normal or pre-axotomized retinal 
explants increase the number of NF-H positive RGCs 
There is a significant increase in the number of NF-H positive cells in the 
retinal explant 7 days after culture when it is co-cultured with small pieces of PN 
than when it is cultured alone (Chapter 2). In contrast, when ON is co-cultured 
with the retina, no obvious increase in NF-H cells occur. Similarly, when PN is 
co-cultured with retinal explants in which the RGCs have been axotomized 7 
days before culture, more RGCs express NF-H after 13 days of culture than in 
retinas which have been pre-axotomized and cultured alone. Since the number of 
NF-H RGCs in normal retinal explants resembles that of the in vivo normal retina 
(Chapter 2), the increase in NF-H cells stimulated by PN co-cultures may reflect 
de novo expression of NF-H in those RGCs which normally contain little or no 
NF-H in vivo. For pre-axotomized retinal explants co-cultured with PN, the 
increase in NF-H RGCs may be due to re-expression of NF-H in those RGCs 
which have down-regulated the level of NF-H as a result of axotomy, de novo 
expression, or both. Coupled with our previous results that intravitreal PN 
transplantation to axotomized RGCs 14 days before retinal culture also leads to 
increased number of RGCs expressing NF-H (Chapter 3), it seems likely that the 
PN produce putative factors which can increase the number of NF-H positive 
RGCs in culture. These factors are both effective when they are applied to RGCs 
before they are put into culture (as in the case of intravitreal PN transplant), or 
during the time of RGC explant culture (as PN co-culture). It is also possible that 
these PN-derived factors may also increase the in vitro expression of NF-H in 
74 
RGCs which belong to the sub-population of NF-H containing RGCs in the 
normal retina in vivo, but our data do not allow us to demonstrate this point 
unequivocally. Experiments studying expression of NF-H messenger RNA in 
RGCs in vitro will be required to address this issue. 
As to the functional significance of this increase in NF-H in RGCs in 
vitro, we speculate that this may reflect an attempt of the RGCs to mount a 
regenerative response, ticreased levels of NF-H have been found to be present in 
regenerating axons of adult neurons (Tetzlaff and Bisby 1989; McKerracher et al. 
1990; Bates and Meyer 1993), in contrast to developing axons which usually lack 
NF-H (Carden et al. 1987). Thus, NF-H may specifically be involved in 
regenerative events of adult neurons. On the other hand, since the PN is well 
known for its ability to support CNS regeneration (Aguayo 1985), it seems logical 
to suggest that one of the events in initiating neuronal regeneration by the PN is to 
increase NF-H expression. However, mere increase in NF-H may not be sufficient 
to produce regeneration, as in our case in which no sprouting of axon-like 
processes in the retinal explants occur when they are co-cultured with PN in vitro, 
in contrast to the situation of intravitreal PN transplantation in vivo (Cho and So 
1992). 
RGCs extend sprouts which grow on cells of PN or ON explants 
It has been reported that a prior lesion inflicted upon the adult RGCs 
allows them to extend neurites more readily when the retina is subsequently 
explanted in culture ( Hopkins et al. 1985; Ford-Holevinski et al. 1986; Bahr et 
al. 1988), the so-called conditioning lesion effect (Grafstein and McQuarrie 
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1978). Since no sprouting of axon-like processes occurs when the normal retina is 
co-cultured with PN, we speculate that pre-axotomizing the RGCs before culture 
may prime the RGCs so that they will be activated by the PN. 
In experiments when the RGCs are pre-axotomized and the retina is 
explanted 7 days later for co-culture with either PN or ON explants, the retina 
frequently becomes attached to the substrate as a result of its interaction with 
cells migrating out of the retina as well as the PN or ON. Under such conditions, 
neurites are seen to extend from the periphery of the explant and grow on the 
migrating cells. The growth of RGC neurites on cells of the PN has been well 
documented (Baehr and Bunge 1989; Hopkins and Bunge 1991) and is in line 
with the beneficial effects of the extracellular matrix and trophic factors provided 
by the PN (Heumann et aL 1987; Johnson et aL 1988; Richardson and Ebendal 
1982). However, RGC neurites growing upon mature astrocytes originating from 
the ON is rather unexpected since it is generally believed that only immature 
astrocytes are supportive of axonal growth whereas adult astrocytes are inhibitory 
(Smith et aL 1986 1990; Bahr et aL 1995; Sievers et aL 1995). However, work in 
our laboratory indicates that small adult retinal explants produce extensive 
neuritic growth on astrocytes isolated from either normal or pre-injured adult ON. 
We do not know, at present, why our results are different from others, but species 
difference (hamster versus rat in most other studies) as well as methodological 
differences are possibilities. Nevertheless, it suggests that the adult ON does 
contain elements supportive of regeneration. 
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Absence of sprouting of axon-like processes in the pre-axotomized 
retinal explant when co-cultured with PN or ON 
Despite neurite outgrowth from the pre-axotomized retinal explant onto 
migrating cells of PN or ON, no RGCs in the retinal explants are found to 
produce axon-like processes which grow in the retina. The failure of the PN to 
stimulate intraretinal RGC sprouting even when coupled with a conditioning 
lesion may signify that the internal environment of the in vitro retina is 
substantially different from that of the in vivo intraretinal environment. Changes 
in morphology and organisation of the retinal glia, namely, astrocytes, Muller 
cells and microglia have been documented (Chapter 2), and these alterations may 
result in a less supportive environment for growth of axon-like processes. Retinal 
glia, including astrocytes and Muller cells, have been shown to promote neurite 
growth from a variety of retinal neurons in culture (Bahr 1991; Kljavin and Reh 
1991). Thus, RGCs at the periphery of the explant, when confronted with a more 
favourable environment provided by cells coming from the PN or ON, elicit 






In this study, we have successfully established a whole-mount retinal 
culture model to study retinal ganglion cell (RGC) regeneration by manipulating 
the microenvironment of the retinal explants. Our results demonstrated that the 
survival of RGCs in cultured retinal explants is enhanced compared to that 
revealed by prelabeling with fluorescent dye. However, the surviving RGCs in 
cultured retinal explants do not form axon-like processes (Chapter 2). This may 
be due to the fact that the stimulus for regeneration is absent in this model. Since 
it is well-documented that peripheral nerve (PN) is a potent source to induce RGC 
sprouting in whole-mount retina (Cho and So 1992), therefore we co-cultured the 
PN or optic nerve (ON) with either normal or pre-axotomized retinal explants. Jn 
both cases, no sprouting cells were observed but instead neurites grew from the 
attached pre-axotomized retinal explants onto migrating cells from either PN or 
ON explants (Chapter 4). In an effort to study growth of axon-like processes in 
the retinal explant, we induced RGC sprouting in vivo by an intravitreal PN 
followed by tissue culture (Chapter 3). Although the culture period, the PN 
stimulus has been removed, we show that the number of sprouting cells has 
increased and the sprouts are maintained. This can be explained by two 
possibilities : (1) The PN produces putative factors which act on RGCs to induce 
the process of sprouting in vivo and this process continues in the absence of the 
PN in the in vitro conditions. (2) The putative factors from the PN exert their 
effects on the glial cells and then the retinal glial cells influence the RGCs. The 
latter case seems to be the most suitable explanation because when the survival of 
glial cells is unfavorable intraretinal sprouting of axon-like processes is not 
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observed (Chapter 2). In fact, our preliminary study when we examined the retinal 
glia (i.e. astrocytes and MUller cells) by GFAP antibody after PN transplantation 
followed by retinal explant, we found that there was extensive GFAP expression 
in MUller cells which and more astrocytes were found in those retinal explants 
which had intravitreal PN transplantation before culture. Therefore, it is 
reasonable to suggest that once the retinal glia are activated by the PN, they will 
exert positive effects on RGC regeneration after the retina is put in culture . It is 
still unknown what the role of microglia is in RGC regeneration at this stage. 
Changes in neurofilament proteins expression of the RGCs in vivo 
and in cultured retinal explants 
Neurofilament subunits (i.e. NF-H, NF-M and NF-L) are present 
exclusively in RGCs and horizontal cell processes (Chapter 2). It is well-
documented that neurofilament protein are very important components in 
cytoskeleton during development and regeneration (Shaw and Weber 1982,1983; 
Pachter and Liem 1984; McKerracher et aL 1990). In agreement with this, after 
axotomy in vivo, the number of RGCs which stain positive for the 3 
neurofilament subunits declines rapidly and this can be correlated with the 
extensive cell death of RGCs seen after injury (Chapter 2). However, the changes 
of the neurofilament positive RGCs in the cultured retinal explant are very 
different from that in vivo, especially with the dramatic increase in the number of 
NF-M positive RGCs and their stabilization at later periods of culture. Together 
with the observation that the number of NF-H positive RGCs also remains 
unchanged in culture whereas that of the NF-L positive RGCs continues to 
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decline it is suggested that the maintenance of high levels of NF-H and NF-M 
may play a role in the long term survival of RGCs. It is interesting to note that 
when adult RGC axons are induced to regenerate into a PN graft, the levels of 
NF-L in the regenerating axons seem to be reduced relative to NF-H and NF-M 
(McKerracher et al. 1990). Moreover, when RGC axons regenerate either in vivo 
or in vitro, NF-H maintains a high level (McKerracher et aL 1990; Bates and 
Meyer 1993) as opposed to its low level in growing axons during development 
(Carden et aL 1987; Pachter and Liem 1984). Taken together, it suggests that NF-
H and NF-M may be involved in the survival and regeneration of adult CNS 
neurons. This is further exemplified by our observations that when the retinal 
explant is co-cultured with PN (Chapter 4) or when the RGCs are "primed" by an 
intravitreal PN before they are maintained in culture (Chapter 3), more RGCs 
became immuno-positive for NF-H as compared to their corresponding controls. 
This is interpreted as a influence of the putative trophic stimulus of the PN on the 
level of expression of NF-H in RGCs in the retinal explant. It would be 
interesting to see whether a similar increase in NF-M expression would occur in 
these experiments. 
Further studies 
Taking advantage of the fact that the adult retina can be maintained as a 
whole mount in culture for an extensive time period (at least 56 days), it would be 
interesting to look at long term changes of distinct cellular-specific molecules to 
see their possible correlation with the survival of various retinal neurons. It is also 
possible to manipulate the culture environment or modify the microenvironment 
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of the retina before culture (as in Chapter 3) in order to assess the effects of 
potential beneficial influences on RGC survival and regeneration. Ideally, 
because of the relatively intact connections of the RGCs with other intemeurons 
in such a whole-mount preparation, it would be possible not only to examine the 
effects of such beneficial influences on RGCs, but also on the retinal neurons 
which are linked up with them. This would make the in vitro model have a closer 
resemblance to the in vivo situation. 
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Table 2.10 
Survival of retinal ganglion cells (RGCs) prelabeling with 4-(4-didecylamino)-
N-methylpyridinium iodide (4-Di-lO-ASP) at optic nerve after optic nerve 
transection 
Total Number of RGCs 
per Whole-mount Retina 
Days post axotomy (Mean±SEM) Number of animals 
used 
3Days 116504±4007 n=3 
7Days — 51388 ± 2920 n=4 
17 Days 6518±1163 n=4 
Table 2.2 
Survival of retinal ganglion cells prelabeling with 4-(4-didecylamino)-N-
methylpyridinium iodide (4-Di-lO-ASP) at optic nerve after optic nerve 
transection followed by whole-mount reinal explant culture 
Days post axotomy Total Number of RGCs 
(Days in vitro) per whole-mount retina 
(Mean±SEM) Number of animals 
used 
3(0) 116504i 4007 n=3 
7(4) — 60799±6618 n=7 
17(14) 41569i4725 n=6 
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Table 2.10 
Co-localisation study of RGCs prelabeled with 3% Granular Blue (GB) applied 
at the superior colliculus followed by neurofilament antibody 
Immunohistchemistry 
Type of Total No. of Total No. of Total No. of Percentage of 
Neurofilament GB Positive Neurofilament Double Doubled Labeled 
Antibody RGCs Positive Cells Labeled RGCs Cells to 
Used (Mean±SEM) (Mean±SEM) (Mean±SEM) Neurofilament 
(No. of retina) Cells 
NF-H 104743 19208 17440 ^ 
(n=3) ±1072 ±2750 ±2510 
NF-M 121711 48 48 i ^ 
(n=3) ±11936 ^ ^ 
NF-L 115330 53305 46670 ~ ^ 
(n=3) ±5196 ±10986 ±10478 
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Table 2.4 
Retinal ganglion cells labeled with NF-H antibody after optic nerve transection 
Total NF-H RGCs ~~Number of animals~~ 
Days post axotomy (Mean±SEM) used 
Normal 1775Q±3724 n=4 “ 
7 4564±268 n=3 
14 1173±176 — n=6 
28 203±38 n=4 
56 60±33 n=4 
Table 2.5 
Retinal ganglion cells from retinal explant labeled with NF-H antibody 
Total NF-H RGCs No. of animals used 
Days in vitro (Mean±SEM) (No. of retinas) 
7 25834il397 n=2(4) 
14 — 17580il81Q — n=3(5) “ 
28 16076il5Q9 n=3(5) 
56 16627±277 n=2(3) 
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Table 2.10 
Retinal ganglion cells labeled with NF-M antibody after optic nerve transection 
Total NF-M RGCs ~~Number of animals~~" 
Days post axotomy (Mean±SEM) used 
Normal 1639±598 n=4 
7 — 607+122 n=4 
14 — 82+10 n=3 
28 — 88±26 n=4 
56 43 19 n=4 
Table 2.7 
Retinal ganglion cells from retinal explant labeled with NF-M antibody 
Days in vitro Total NF-M RGCs No. of animals used 
(Mean±SEM) (No. of retinas) 
7 1938i409 “ n=2(4) 
14 18365±1145 n=2(4) 
28 15520i3179 n=2(4) 
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Table 2.10 
Retinal ganglion cells labeled with NF-L antibody after optic nerve transection 
~~~Total NF-L RGCs"""" 
Days post axotomy (Mean±SEM) No. of animals used 
Normal — 38777±4081 n=4 
7 4168t455 — n=4 
14 912i268 n=6 
28 — 321±62 n=4 “ 
56 367 64 n=4 
Table 2.9 
Retinal ganglion cells from retinal explant labeled with NF-L antibody 
Total NF-L RGCs No. of animals used 
Days in vitro (Mean±SEM) (No. of retinas) 
7 23942±2431 — n=2(4) 
14 “ 16489il224 n=3(5) 
28 7682 i l l59 n=2(3) 
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Table 2.10 
Total number of microglia in whole-mount retina after optic nerve transection 
and prelabeling with 4-Di-lO-ASP 
Total No. of Total No. of Total No. of 
Microglia in GCL Microglia in IPL Microglia in OPL 
Days post axotomy (Mean±SEM) (Mean±SEM) (Mean±SEM) 
3 (n=3) - 0 0 0 — 
1 (n=4) — 3357t339 11±11 0 
17(n=4) 6065±657 984 t l46 618±95 
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Table3.1 
Total number of NF-H retinal ganglion cells (RGCs) after optic nerve transection 
(ONT) alone or followed by viable peripheral nerve (PN) transplantation or 
tissue culture 
Total no. of NF-H RGCs after ~~Total no. ofNF-H RGCs after 
transplantation ONT only 
Days post axotomy (Mean±SEM; No. of retina) (Mean±SEM; No. of retina) 
— 14 963il52" (n=4) — 1173±176" (n=6)* 
— 21 589+161 (n=4) — N/A 
28 241±42b(n=4) 203±38^ (n=4)* 
N/A : not determined 
a : not significantly different from each other (Student's t-test: p=0.3) 
b : not significantly different from each other (Student's t-test: p=0.5) 
* : data from Table 2.4 in chapter 2 
Table 3.2 
Total number of NF-H retinal ganglion cells after optic nerve transection with or 
without PN transplantation for 14 days followed by retinal explant culture 
Days post Total no. of RGCs after Total no. of RGCs after ~~Total no. of RGCs~~~ 
transplantation PN transplantation non-viable PN after ONT only 
(Days in vitro) (Mean±SEM; transplantation (MeaniSEM; 
No. of retina) (Mean±SEM; No. of retina) 
No. of retina) 
— 1 4 ( 0 ) — 963±152(n=4) — N/A — N/A 
21(7) 1433il44 ' (n=4) N/A “ 1202±63 (n=4) 
28(14) 2244±303ba’b(n=4) 439±189^ (n=3) 535±150 11=4) 
a : significantly different from each other (Student's t-test: p=0.03) 
b : significantly different from each other (Student's t-test: p=0.0057) 
c : significantly different from each other (Student's t-test: p=0.0017) 
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Table 2.10 
The percentage and number of sprouting cells in whole-mount retina in vivo and 
in vitro 
Days post axotomy and PN 
transplantation 
(Days in vitro) 
14(0) 21(7) 28(14)— 
Number of sprouting cells converted 289±75 ~447±78 155±40^ 
from percentage (n=4) (n=3) (n=4) 
in vivo (Mean±SEM; No. of retina sampled) 
Percentage of sprouting cells (%) 34 61 ^ 
(No. of cell sampled) (n=127) (n=105) (n=65) 
Number of sprouting cells converted 289±75 165±90^ 612±176^' 
from percentage (n=4) (n=4) b 
in vitro (Mean±SEM; No. of retina sampled) (n=4) 
Percentage of sprouting cells (%) 34 14 ^ 
(No. of cell sampled) (n=127) (n=179) (n=293) 
a : not significantly different from each other (Student's t-test: p=0.06) 
b : significantly different from each other (Student's t-test: p=0.04) 
Table 3.4 
Number of sprouts per cell labeled by NF-H antibody 
Days post axotomy and PN transplantation (Days in vitro) 
14(0) I 21(7) 28(14) 
in vivo 8.0±1.9a,c 6.5±l.Oa b,e 13±2.7b c f 
(n=37) (n=49) (n=39) 
in vitro 8.0±1.9 4.8±1.8d e 5.7±0.4d,f 
(n=37) (n=22) (n=63) 
a : not significantly different from each other 
b : not significantly different from each other 
c : not significantly different from each other 
d : not significantly different from each other 
e : not significantly different from each other 
f : significantly different from each other (Student's t-test: p=0.045) 
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Table4.1 
Total number of NF-H positive RGCs of normal whole-mount retinal explant co-
cultured with peripheral nerve (PN) explant or optic nerve (ON) explants for 7 
days in 35mm dish 
Total No. of RGCs Total No. of RGCs Total No. of RGCs 
co-cultured with ON co-cultured with PN in retina cultured 
explant explant alone 
Mean±SEM Mean±SEM Mean±SEM 
(Sample size) (Sample size) (Sample size) 
Normal Retina 31701±301 4 1 4 0 7 ± 8 9 , ~ ~ 2 5 8 3 4 + f 3 9 7 ^ ~ 
(n=3) (n=3) (n=4) 
Pre-ON- all explants attached 5826±783^ 4868±326^ 
axotomized to substrate (n=4) (n=3) 
Retina 
* : data from Table 2.5 in Chapter 2 
a : significantly different from each other (Student's t-test: p=0.037) 
b : not significantly different from each other (Student's t-test: p=0.11) 
c : significantly different from each other (Student's t-test: p=0.00036) 
d : not significantly different from each other (Student's t-test: p=0.37) 
Table 4.2 
Total number of pre-axotomized NF-H positive RGCs in pre-axotomized retinal 
explant co-cultured with PN explants for 13 days in organ culture chamber 
~~~Total No. of RGCs co-~~~ Total No. ofRGCs in 
culture with PN explant retina cultured alone 
Mean±SEM Mean±SEM 
(Sample size) (Sample size) 
Pre-axotomized retina 7518±821 ^  4479±222& 
(n=4) (n=3) 
a : significantly different from each other (Student's t-test: p=0.03) 
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